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1 Introduction
The work described in this thesis addresses the design, fabrication
and characterisation of different optically random media consisting
of porous transparent matrices integrating a random distribution of
monodisperse spherical high refractive index nanoparticles. In these
materials, the scattering of light by each centre is assumed to be in-
dependent from that of the other particles, and therefore correlation
terms can be neglected. This approximation holds for a lowly con-
centrated and well dispersed distribution of particles in the host ma-
trix. In the first place, optically random media consisting in differ-
ent combinations of materials exhibiting this configuration are anal-
ysed, fabricated and optically characterised. In this thesis, the scat-
tering of light by each centre is assumed to be independent from
that of the other particles, and therefore correlation terms can be ne-
glected. This approximation holds for a lowly concentrated and well
dispersed distribution of particles in the host matrix. After sensitisa-
tion with absorbing or luminescent molecules, their integration into
dye-sensitized solar cells (DSSCs), as well as their use for the fabrica-
tion of colour-converting materials aimed at implementation in light-
emitting devices (LEDs), is assessed. The studies detailed through-
out this thesis enableddisentangling fundamental aspects of the prop-
agation of light in randommedia, as well as demonstrating the possi-
bility of taking advantage of the diffuse propagation of light for the
fabrication of optoelectronic devices with enhanced properties.
This chapter provides a general overview on light scattering in
optically random media. The magnitudes usually employed for the
characterisation of light scattering as a function of the optical proper-
ties of the materials are defined. In order to justify the interest in the
study of light propagation in these media, the regimes of weak and
strong localisation are defined and some applications of optically ran-
dommedia are discussed. The progress in the control of the scattering
properties of turbid media and the different strategies proposed for
that purpose are briefly reviewed. Eventually, due to the interest of
the integration of the materials proposed in this thesis as photoan-
odes into DSSCs and as a colour-converting element into LEDs, some
1
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background and basic concepts on these optoelectronic devices are
provided.
1.1 Light scattering in optically random media
Photonics pursues the generation and harnessing of light, and as a
consequence it offers numberless applications in a vast variety of tech-
nological fields1–3. Specifically, controlling light propagation has been
demonstrated beneficial regarding the design and fabrication of opto-
electronic devices4–6. Light manipulation usually involves the design
and synthesis of materials with specific structural properties aimed
at particular applications. As a consequence, ordered architectures
structured in the wavelength range presenting a certain periodicity
are widely employed7–11. Due to the ordered nature of these nanos-
tructures, they generally rely on diffraction and interference effects
for themodification of light transport. In contrast, an interesting strat-
egy for moulding the flow of light is also found in random structures,
where strong light scattering takes place12–19.
Light scattering is generally understood as any deviation of light
from rectilinear propagation caused by any wavelength-scale inho-
mogeneity, such as a particle of a certain refractive index, and it is
generally an elastic event. An optically random medium commonly
consists in a dielectric or semiconductor material in which its build-
ing blocks, or a fraction of these, are placed in a disordered manner,
thus presenting a random modulation of the refractive index. The
refractive index contrast between its components and the surround-
ing medium triggers light scattering at each of these building blocks,
which act as scattering centres. Due to successive scattering events,
light propagates in a diffusive manner, exiting the material at ran-
dom directions and endowing it with a characteristic whitish opac-
ity. This is the case of media such as clouds, sugar or colloidal sus-
pensions, which despite theirmicroscopic transparency appearwhite
and opaque due to multiple scattering of the light. Because of the de-
viation of the light rays, the object appears blurry to the eye on the
other side of the random medium, Fig. 1.1(a), and, for large enough
thicknesses, the wave vector of the propagating beam loses memory
of its initial direction and the source becomes invisible, as illustrated
2
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Figure 1.1: Illustration of light scattering in a slab of an optically ran-
dom medium of different thicknesses. In (a) light is scattered only a
few times throughout the whole thickness of the slab, causing partial
blurrying of the object, as displayed in the corresponding inset. In (b)
light is scattered a large number of times, causing total diffuse prop-
agation of the light and complete opacity of the film, as displayed
in the corresponding inset. I0 refers to the intensity of the incident
beam, Rs to the fraction of this intensity specularly reflected, Rd and
Td to the fraction of light reflected and transmitted, respectively, after
being scattered and Tb the fraction of light transmitted unaffected by
scattering.
in Fig. 1.1(b), as it happens for the sun during a cloudyday or for light
going through a piece of paper. Optically randommedia have drawn
special attention due to the interesting optical phenomena that arise
when light propagates through a highly disordered medium, such
as Anderson localisation for electromagnetic waves20–22, weak locali-
sation12,13,23, which leads to the emergence of the so-called enhanced
backscattering cone, image reconstruction24–26 or phenomena of ran-
dom lasing27–29, among others.
In this scenario, a description of the propagation of light in tur-
bid media requires the characterisation of their diffusion properties.
A key parameter in this regard is the scattering mean free path, 𝓁𝑠𝑐,
defined as the average distance covered by a photon before undergo-
ing a scattering event. The optical response of a random material is
dictated by the relationship between its thickness, L, and 𝓁𝑠𝑐. If L <
𝓁𝑠𝑐, the probability for a scattering event to occur is low and the ma-
terial displays high transparency as long as absorption is negligible.
For L > 𝓁𝑠𝑐, scattering is more likely and partial or total diffuse propa-
3
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gation of light occurs depending on the value of L with respect to 𝓁𝑠𝑐.
In this range, whereas insufficient thickness causes only a fraction of
the light to propagate diffusively, thus still allowing a significant bal-
listic component on the other side of the medium, for a large enough
value of L, multiple scattering ensures total diffuse light transport.
From the definition of 𝓁𝑠𝑐, strong scattering entails short values of 𝓁𝑠𝑐.
A measurement of the scattering strength of a random material at
a specific wavelength is provided by the inverse of the localisation
parameter, 𝑘𝓁𝑠𝑐, often referred to as the Ioffe-Regel parameter, being
k the wave vector in the material. Therefore, 𝑘𝓁𝑠𝑐 ≫ 1 for a weakly
scattering random medium. In a limit situation of extremely strong
scattering where 𝑘𝓁𝑠𝑐 ≃ 1, light transport is seriously hampered and
localisation occurs as a consequence of wave interference effects23,30.
In a first approximation, if each scattering centre is placed apart
from the rest, the scattering triggered by each centre is assumed to be
independent from that of the other particles and therefore correlation
terms can be neglected. In this situation, which corresponds to the
independent-scattering approximation, 𝓁𝑠𝑐 is defined as31
𝓁𝑠𝑐 =
1
𝜌 ⋅ 𝜎𝑠𝑐
, (1.1)
being 𝜌 the particle number density and and 𝜎𝑠𝑐 the scattering cross
section of the particle. Equation 1.1 reveals that 𝓁𝑠𝑐 is thus mainly dic-
tated by 𝜎𝑠𝑐, this being therefore a crucial magnitude for the descrip-
tion of light tranport in randommedia. 𝜎𝑠𝑐 determines the amount of
radiation scattered by a particle in every direction and it is a function
of geometrical and optical parameters, namely, the size and shape of
the scattering centre, the complex refractive index of both the parti-
cle and the surrounding medium, specifically, the contrast between
them, and the wavelength of the incident light, 𝜆. The relation be-
tween particle size and light wavelength allows the definition of three
well-defined regimes of scattering. In the limit of scattering particles
much smaller than thewavelength of the incident light, Rayleigh scat-
tering takes place. For this size, the scattering is very inefficient and
𝜎𝑠𝑐 is proportional to 𝜆−4. If the particle size is much bigger than the
wavelength of the incident light, the classical vision of a point-like
photon impinging on a surface is retrieved.Here, ray tracingmethods
properly describe light scattering and the value of 𝜎𝑠𝑐 corresponds
4
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Figure 1.2: Scattering efficiency of a TiO2 sphere in air at 𝜆 = 800 nm
of a size ranging from 1 nm to 16 𝜇m.
to twice the geometrical cross section of the scattering particle (geo-
metrical scattering). In the intermediate region, where the size of the
particles is of the order of the incident wavelength, 𝜎𝑠𝑐 is maximal.
The scattering taking place in this regime is referred to a Mie scat-
tering and 𝜎𝑠𝑐 becomes unpredictable and non-intuitive. In fact, the
apparent size of the particle is highly dependent on the refractive in-
dex contrast between that of the scattering particle and the surround-
ing medium and it can be several times larger than the geometrical
cross section. An analytical expression for 𝜎𝑠𝑐 in the Mie scattering
regime has only been derived for highly symmetric shapes, such as a
sphere or an infinite cylinder32,33. These three scattering regimes can
be observed in Fig. 1.2, where the scattering efficiency value of a TiO2
sphere of different sizes in air at 𝜆= 800 nm for is displayed. The scat-
tering efficiency, Qsc, is a normalisation of 𝜎𝑠𝑐 to the geometrical cross
section of the particle, that is, Qsc = 𝜎𝑠𝑐/𝜋𝑟2, where r is the radius of
the sphere.
Another fundamental parameter for the characterisation of light
propagation in random media is the transport mean free path, 𝓁𝑡, de-
fined as the average length over which the direction of propagation
of light becomes fully randomised. In fact, 𝓁𝑡 is the average distance
light needs to travel in a turbid medium before propagation becomes
randomised. The condition of propagation in the diffuse regime is for-
mulated as 𝜆 ≪ 𝓁𝑡 ≪ 𝐿. As light advances, multiple scattering devi-
ates photons from the incident beam, causing partial randomisation
of the direction of propagation. In the limit of diffuse propagation,
5
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sufficient scattering frustrates ballistic transmittance and light only
propagates diffusively. 𝓁𝑡 is a function of the angular distribution of
the light scattered by the particle and it is related to 𝓁𝑠𝑐 according to31
𝓁𝑡 =
𝓁𝑠𝑐
1 − ⟨𝑐𝑜𝑠𝜃⟩, (1.2)
where 𝜃 is the elevation angle, contained in the plane of incidence and
measured with respect to the illumination direction, and the average
of 𝑐𝑜𝑠𝜃 is evaluated by weighting the contribution at each 𝜃 angle ac-
cording to the angular distribution of the light intensity provided by
Mie theory. On the one hand, in the hypothetical situation of a per-
fectly isotropic distribution, the 𝑐𝑜𝑠𝜃 average cancels, resulting 𝓁𝑡 = 𝓁𝑠𝑐
and the direction of propagation of light is fully randomised after one
single scattering event. On the other hand, Eq. 1.2 reveals that for a
particle yielding anisotropic scattering, 𝓁𝑡 > 𝓁𝑠𝑐. One scattering event
is therefore not enough to achieve full randomisation and the larger
the anisotropy, the larger the discrepancy between 𝓁𝑡 and 𝓁𝑠𝑐. Whereas
the angular distribution of light exiting a perfect diffuser describes a
Lambertian profile, as Fig. 1.3(a) illustrates, the intensity of the light
emerging from a material presenting weaker scattering displays an
(a)
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Figure 1.3: Experimental angular distribution of (a) a 100-𝜇m thick
paper sheet and (b) a weakly scattering material consisting in a 9-
𝜇m mesoporous TiO2 film integrating nanocrystalline TiO2 spheres
of radius r = (225± 20) nm in a 5% concentration at 𝜆= 600 nm. The
inset in (b) displays a zoom-out of the angular distribution for a better
visualisation of the ballistic component. Incoming light impinges on
the left side of the slab.
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Figure 1.4: Angular distribution of the light scattered by a crystalline
TiO2 sphere of size (a) r = 10 nm and (b) r = 300 nm at 𝜆 = 600 nm.
angular-dependent distribution, whose shape is dictated by the num-
ber of scattering events, Fig. 1.3(b). In the Rayleigh scattering limit,
the particles present a dipole-like distribution of the scattered light,
highly isotropic, as shown in Fig. 1.4(a). In contrast, for particle sizes
comparable to the wavelength of the incident light, the angular dis-
tribution is highly dependent on the shape of the scattering centre. In
particular, for a spherical particle the angular distribution becomes
mostly forward-oriented, as illustrated in Fig. 1.4(b).
1.2 Control of the optical response of optically ran-
dom media
Turbidmedia inwhich light propagates in a diffusemanner have been
a subject of interest in diverse fields. Their whiteness and opacity re-
veal their suitability for multiple applications, such as their use as
light diffusers for integration into lamps or windows in order to gen-
erate a uniform and smooth light distribution for indoor illumination,
integration into organic light-emitting diodes (OLEDs) for improve-
ment of their luminescent and viewing properties34–39, or for back-
light units present in liquid crystal displays (LCD)40,41. There has also
been interest in the design of structures maximising light scattering
to produce highly efficient Lambertian reflectors while reducing ma-
terial usage42–46. These systems capable of strongly scattering light in
the thinnest possible thickness would be deemed valuable by indus-
7
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Figure 1.5: Examples of optically random media. (a) SEM image of a
layer of denseGaAsparticles (taken fromRef.[52]). (b) SEM image of
a sample consisting of compacted Ge powder (taken from Ref.[54]).
(c) SEM image of a photonic glass comprising a random distribution
of polymer spheres.
tries devoted to the manufacture of commercial products exhibiting
a white appearance, such as the production of paper47.
Optically random media have also been of interest for the study
of fundamental aspects of the propagation of light and multiple scat-
tering in random media. When light propagates throughout highly
scattering media and unusual optical phenomena arise as a conse-
quence of the multiple scattering of the waves and subsequent inter-
ference. Some examples of these optically random materials are ran-
domly packed semiconductor powder, especially relevant for their
high refractive index, such as TiO248–51, GaAs52, Ge53,54 or Si powder55,
teflon slabs56, colloidal suspensions of particles of materials such as
PS or TiO2 generally inwater13,14,23,56–58, and random stackings of iden-
tical spherical PS building blocks, known as photonic glasses59,60. Fig-
ure 1.5 displays a few examples of optically randommedia. The main
route for the characterisation of their optical properties consists in
the determination of 𝓁𝑠𝑐, 𝓁𝑡, the absorption length and the diffusion
constant. Nevertheless, most of these materials present a number of
problems when aiming at finely controlling the amount of disorder
for a desired optical response. In most of the cases, due to the fabrica-
tionmethods, their bulding blocks commonly present a relevant poly-
dispersity in size. This, along with their usually irregular and diverse
shapes, hinders an accurate prediction of light transport, excluding
the possibility of performing an optical design prior to their fabrica-
8
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tion. Besides, some of the most frequently employed materials, such
as Ge, GaAs or Si, show strong absorption in the visible range of the
spectrum, thus limiting the studies to be performed in the infrared
region51–55, where they remain transparent. Absorption hinders the
analysis of light propagation in randommedia and especially the ob-
servation of localisation phenomena. As for those random materials
in liquid phase, i.e colloidal suspensions, the refractive index contrast
between the scattering particles and the liquid medium does not pro-
vide sufficiently low values of 𝓁𝑠𝑐.
Among the interesting optical phenomena derived from the prop-
agation of light through highly scattering materials, the observation
ofAnderson localisation for electromagneticwaves has been long cov-
eted and the repeatedly failed attempts at detecting it in 3-dimensional
systems has made it become a holy grial in the study of optically ran-
dom media. Above a certain degree of disorder, the diffusion of the
light waves tends to zero and transport comes to a halt. This phe-
nomenon is known asAnderson localisation and it derives fromback-
scattered waves interfering constructively. In the limit of localisation,
𝓁𝑡 → 0, i.e transport is not possible, and diffusion theory fails at de-
scribing light propagation. Despite being proposed for electrons co-
herently scattered in semiconductor crystals presenting a certain de-
gree of disorder20, due to the wave nature of the electron, Anderson
localisation could be expected in any wave system, such as light21,22,61.
Anderson localisation is predicted for strongly scatteringmediawhere
𝑘𝓁𝑠𝑐 ≃ 1, according to the Ioffe-Regel criterion. In order to approach
this condition, 𝓁𝑠𝑐 needs to be minimised, that is, 𝜎𝑠𝑐 should be max-
imised, according to Eq. 1.1, which is achieved for a particle size in the
regime of Mie scattering. In the pursuit of experimental evidence of
Anderson localisation of photons, scientists came across the observa-
tion of weak localisation of light, regarded as the precursor of strong
or Anderson localisation13,23. Weak localisation is a consequence of
time-reversal symmetry of the paths of light multiply scattered in a
randommediumand itmanifests itself as a cone of enhanced backscat-
tered light. A light wave originated at a source entering a random
material can undergo several scattering events and exit the material
in the backward direction towards the source, accumulating a phase
shift. Anotherwave can however follow the same path in the opposite
direction due to time-reversal symmetry, developing the same phase
9
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shift. The interference between these waves is constructive, resulting
in an increase of intensity in the backward direction. Determination
of the enhanced backscattering cone has been proved useful to under-
stand the propagation of light in strongly scattering materials, since
its width enables extraction of 𝓁𝑡57.
Due to the interest in tuning and controlling optical disorder, ef-
forts have particularly been focused on the fabrication processes of
these materials and the subsequent analysis of the evolution of their
optical response. In the first place, liquid suspensions employing PS
spheres as scattering centres offered an easy manner to tune the am-
ount of disorder through the size and concentration of PS spheres. Be-
sides, the spherical shape of the centres ensured identical light scat-
tering by all the inclusions, regardless of the incidence direction of the
light. Indeed, the change of the features of the backscattering cone in
the range of weak localisation, which are directly related to 𝓁𝑡, when
varying the parameters dictating the conditions of the optical disor-
der, that is, either the size12,58,62 or the concentration12,13 of scattering
particles, has been analysed in several ocassions.Wolf et al.62 also con-
sidered the effect of different degrees of absorption in the medium
by adding a luminescent dye (Rhodamine 6G) in various concentra-
tions. Later on, porous gallium phosphide (GaP) attracted interest as
an optically random medium. It is a semiconductor material present-
ing a high bulk refractive index (n = 3.45 at 𝜆= 550 nm), transparent
in part of the visible spectrum (𝜆 > 550 nm) and, as a semiconduc-
tor, it offers the possibility to be manipulated in order to controllably
introduce porosity by means of electrochemical etching of a single
crystal. This allowed the fabrication of GaP chunks enabling control
over the photonic strength through the amount of introduced poros-
ity16,63,64. Further advances in the fabrication of turbid media with
tunable scattering properties were made with the synthesis of semi-
conductor nanowires. Systems consisting in arrays of GaP, Si and InP
nanowires have demonstrated exceptional photonic strength65, while
providing control over their scattering through their diameter, vol-
ume filling fraction and alignment66. Apart from the study of the char-
acteristics of light propagation in randommedia, these materials also
attract interest owing to the possibility of their use in numberless ap-
plications, such as optical imaging in biological systems67, wavefront
10
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shaping for sharp light focusing68,69, diffusingwave spectroscopy70 or
implementation in optoelectronic devices40,65.
1.3 Applications of optically random media
The characteristics of light propagation in optically disordered mate-
rials can find a variety of situations in which to be exploited with a
specific purpose. In this section, some of the most common applica-
tions of these materials are briefly reviewed.
1.3.1 Random lasing
Since the proposals of R. V. Ambartsumyan et al.71 and V. S. Letokhov
et al.27, optically disordered materials for the generation of laser-like
emission have been intensively studied. In traditional laser action,
light scattering in the resonant cavity has always been considered a
nuisance, since it removes photons from the lasing mode. However,
under the right conditions, strong light scattering in a disordered
medium can actually be fundamental to trigger laser action. In a ran-
dom medium with optical gain, recurrent scattering can serve as a
feedback mechanism for the amplification of light, analogous to the
(a)
Scattering medium
with optical gain
(b)
Figure 1.6: (a) Illustration of the generation of closed loops due to
strong light scattering in an amplifying medium giving rise to laser
action. (b) Emission spectrum of ZnOpowder displaying laser action
at an excitation intensity of 875 kW cm−2 by a pulsed Nd:YAG laser
at 𝜆 = 355 nm (taken from Ref.[29]).
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optical cavity in a conventional laser, as illustrated in Fig. 1.6(a). Laser
action in a regular system is achieved above a threshold, where the
total gain in the cavity surpasses the losses. In a strongly scattering
medium, if 𝓁𝑠𝑐 becomes equal to or shorter than the wavelength, light
can form closed looppaths through successive scattering, undergoing
amplification. In the limit where such amplification exceeds losses,
laser action occurs. In a diffusion process with amplification the total
gain is defined by the volume, whereas losses are proportional to the
total surface27. It is therefore possible to achieve a situation where the
intensity diverges and laser action is triggered in a random medium.
The emission spectrum of a random laser is typically broader in fre-
quency than in a conventional laser, and narrow spikes are usually
present. Furthermore, the statistics of photons emitted by a random
laser resembles to a great extent that of regular laser emission. The
frequencies and the direction of emission are dictated by the modes
formed in the random structure. A random system for lasing action
can be in principle easily fabricated by grinding laser crystals72,73, sus-
pending high refractive index particles as individual scattering cen-
tres28,74 or forming scattering clusters75–77 in a dye solution, in semi-
conductor powder29, photonic glasses78 or in organic molecules em-
ployed as a gain medium79.
1.3.2 Imaging through optically random media
When light coming froma source impinges on an optically disordered
material, it is successively scattered and a fraction of it can reach the
opposite interface of thematerial and exit as transmitted light. As pre-
viouslymentioned, for aweakly scatteringmedium, a significant frac-
tion of the light undergoes no scattering and it is ballistically transmit-
ted. In this situation, the shape of the source can be retrieved. The im-
age, however, appears somewhat blurry due to the light scattered and
diffusively propagated. Here, image formation can be restricted to
discerning between scattered and unscattered light and collect those
photons corresponding to the latter. If the scattering in the material
is too large, ballistic propagation is seriously hindered and informa-
tion about the source becomes scrambled. As a result of this, the light
transmitted by the material forms an apparently random speckle pat-
tern. Full characterisation of the scattering system,which entails know-
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ing the complete scattering matrix describing the disorder, would en-
able undoing the scattering and retrieving an image of the source24.
Unfortunately this is not always feasible, since the usually countless
elements forming the scattering matrix make it impracticable. An al-
ternativemethod for unscrambling this information relies on thewave
nature of light,which enables interference between the scatteredwaves.
Such interference carries phase information, which in principle en-
ables compensating for the disorder regardless of the complexity and
decode the information80.
Biological tissue, such as the skin, generally behaves as a highly
scattering medium. Unravelling the information hidden in the prop-
agated light waves would enable imaging of objects underneath in a
non-invasive manner. As a consequence, studies focused on the re-
construction of a source placed on the other side of a strongly scat-
tering layer have been performed25,26,82. In particular, the procedure
proposed by O. Katz et. al25 enables the reconstruction of an object
between two scattering screens, as illustrated in Fig. 1.7. Light emit-
ted by a source passes through a scattering screen and illuminates an
object, which consists in a shape carved in a black screen. The object
acts as an extended source and light becomes scrambled when pass-
ing through the second diffuser, which is afterwards detected by a
Figure 1.7: Principle of reconstruction of an object placed between two
scattering screens proposed byO. Katz et. al (taken fromRef.[81] and
Ref.[25]).
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camera. The recorded image consists in a virtually constant intensity
distribution displaying some randomfluctuations. Autocorrelation of
such intensity distribution allows retrieving information on the shape
of the object for its reconstruction.
1.3.3 Light in- and out-coupling
In any application involving light harnessing, there are certain com-
mon issues, such as optical losses or parasitic absorptions, that are
virtually inherent to any optical device and whose minimisation is
generally desired when seeking for optimal performance. Since light
management is performed through specific structures designed for a
particular function, the incoming light must be in the first place cou-
pled into the system. The presence of interfaces inevitably produces
undesirable reflections reducing the fraction of light available for use.
This is a well-known issue in the field of PV, where the high refrac-
tive index of the active materials hampers an efficient in-coupling of
the incoming light, thus preventing maximal utilisation of the inci-
dent photons for photocurrent generation. In thin film technology,
conceived to minimise material usage, insufficient optical thickness
represents an additional drawback againstmaximal performance. On
one hand, losses due to inefficient in-coupling areminimised through
the implementation of anti-reflective coatings. On the other hand, tex-
turised structures of a size in the wavelength range are integrated in
order to cause a light-trapping effect due to successive light scatter-
ing and total internal reflection events and boost light absorption in
the devices. Although such structures are commonly applied at the
front transparent conductive oxide, they can also be found at deeper
interfaces. In that sense, the integration of either inverted83 or upright
pyramids4,83, as displayed in Fig. 1.8(a), or textureswith randommor-
phologies is regarded as the standard procedure83–90. Two examples
of disordered textures for enhanced light in-coupling are displayed
in Fig. 1.8(b) and (c). Randomly textured structures present the ad-
vantage of allowing an in-coupling of the incident light into the ab-
sorber layer in a broad spectral range. They generate a Lambertian
light distribution inside the cell due to diffuse light propagation. Pe-
riodic architectures have also been proposed91–93 and have demon-
strated strong absorption enhancements89,94,95, yet their spectral reso-
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Figure 1.8: Examples of structures for in- and out-coupling appli-
cations. (a) Micrograph of a periodically textured Si surface in the
shape of upright pyramids (taken from Ref.[83]). (b) SEM image of
a random texture on a Si (taken from Ref.[86]). (c) SEM image of
the random surface on polycrystalline boron-doped ZnO film consti-
tuted by columnar grains (taken fromRef.[87]). (d) Photonic-crystal-
based LED (upper picture) and top-view atomic force microscope of
the periodic structure of the photonic crystal lattice (lower picture)
(taken from Ref.[6]). (e) Illustration of the structure of an OLED in-
tegrating a disordered structure (scattering layer) for enhanced light
extraction (taken from Ref.[37]).
nances are typically sharper than in a disordered approach. Periodic
structures provide a well-defined Fourier spectrum with strong, but
scarce diffraction orders, while random architectures generate a large
number of diffraction orders of weak intensity. There is, however, an
optimal structure providing maximum light-trapping between these
15
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two limit situations. With the purpose of reaching this optimum in-
termediate configuration, Martins et al.96 proposed a design based on
the supercell concept, i.e. gratings of larger period containing smaller
unit cells, allowing to tailor the Fourier spectra created by the struc-
ture through controlled design of its aperiodicity.
The opposite situation also poses a problem. In photoluminescence
(PL) applications, the inefficient out-coupling of the generated light
from the emitting material results detrimental for the eventual effi-
ciency of the device. In the situation of light generated in a film of ho-
mogeneous interfaces, due to the different refractive index value of
the emitting material to that of air and taking into account that light
in a luminescent material is generally emitted in all directions, a frac-
tion of the emitted light inevitably remains trapped inside. For light
emitted at angles above the critical angle defined by the escape cone,
which is dictated by the refractive index contrast between the film and
the surrounding medium, total internal reflection occurs and eventu-
ally results in unusable light. Inefficient out-coupling has especially
been addressed in the field of light-emission for lighting applications
and approaches based on either ordered6,97 or disordered architec-
tures, as shown in Fig. 1.8(d) and (e), respectively, have been proved
to partly enhance light extraction34,37,38,98.
Optical disorder can therefore serve as a tool to increase light in-
coupling in absorbing materials, while also be responsible for a more
efficient light-extraction in photoluminescent materials. Scattering in
a randommedium is capable of enlarging the path length of the light
and thus its residence time inside, which could result beneficial for
boosting optical absorption and emission or to increase the PL of emit-
ting films due to processes of improved out-coupling. The work pre-
sented in this thesis focuses specifically on the integration of mate-
rials presenting optical disorder as photoanodes into bifacial DSSCs
and as conversion coatings into LEDs.
1.3.3.1 Dye-sensitized solar cells
In the current picture of global warming, progressive depletion of
fossil fuel reserves and the alarming expected population growth, ag-
gravated by a constant increase in the energy demand by the world
population, the task ofmeeting the human energetic needswhilemin-
16
1. Introduction
imising the harmful impact on the environment appears as an urgent
challenge to overcome. The still excessive dependence on fossil fuel-
based resources for the performance of human activities is leading
to serious environmental issues. In this regard, alternative energy re-
sources represent a peerless option, since they are generally based
on abundant natural resources, while offering a meaningful reduc-
tion of the consequences derived from the use of fossil fuels. Among
the different alternative energy sources, solar energy is proving to be
a powerful contender in order to meet the world’s energy demand
without the environmental costs. In effect, the Earth’s atmosphere re-
ceives an average power density of 1367 W m−2 99, reaching the sur-
face around 1000 W m−2 mostly due to absorption and scattering at
the atmosphere.
Most of the available PV techonology in use is based on silicon,
commonly known as first generation PV, for which devices have re-
ached efficiencies above 25%100. The development of a second gen-
eration of PV devices based on thin film technology overthrew sili-
con as the active material for solar cells, as modest efficiencies were
demonstrated while reducing material usage. In spite of the bene-
fits of such technologies, they however present considerable draw-
backs derived from the high manufacturing costs (high purity of the
active material, complex fabrication processes, high processing tem-
peratures), toxicity, pollution and opacity hindering integration in
buldings101,102. A third generation PV emerged in an attempt to over-
come these disadvantages limiting the operation of the technologies
belonging to the first two generations. Third-generation devices en-
able low-cost PV, since they generally encompass technologies requir-
ing easy and inexpensive fabrication procedures and lowmaterial us-
age. This third generation comprises four main technologies and di-
verse variants of these, namely, organic solar cells, quantum dot solar
cells, dye-sensitized solar cells and a novel and revolutionary technol-
ogy based on the use of a material comprising a perovskite structure
as active material. Perovskite-based solar cells are especially relevant
due to their rapid and unprecedented development, placing them
at a position to potentially compete against the current commercial
and mature silicon-based technologies. In fact, perovskite-based PV
started as a DSSC technology, which employed organometal halide
perovskite crystals as sensitisers of a TiO2 photoanode103,104. TheDSSC
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appears as an attractive alternative to conventional PV devices due to
their unique features, such as high transparency and lightweight105.
They have been successfully developed on flexible substrates106 and
they have demonstrated remarkable performance under indoor illu-
mination107. Additionally, they offer the possibility of colour choice108,
which results advantageous for architectural purposes, and they have
demonstrated considerable stability109–111. Bifacial devices can be fab-
ricated with them for harvesting of light impinging from all direc-
tions112, aswell as solarmodules102,113, all of the abovepossible through
inexpensive fabrication procedures. DSSCs have seen a considerable
wide number of applications due to different industrial sectors fo-
cused on their development. For instance, the Japanese company Fu-
jikura has developed DSSCs for integration into indoor electronics,
such as mobile phones. G24 Power started a nearly 5500-m2 DSSC
plant in 2007 while also achieving integration of these devices into
flexible waterproof bags. Mini modules were fabricated by 3G Solar
for charging electronic devices ranging from surveillance cameras to
medical devices and Gunze Ltd. achieved the development of a wear-
able DSSC102. This thesis focuses on DSSCs as a target photovoltaic
device for the implementation of optical disorder, mostly owing to
their potential for industrialisation. Moreover, they offer the possibil-
ity to be manufactured at a large scale, since the materials are easily
available, and fabrication by roll-to-roll processing is possible.
This section introduces basic concepts of a DSSCs. In particular,
the working principle of a DSSC is depicted and the limitations re-
vealing the need for approaches in order to boost their performance
addressed.
Working principle of a DSSC: A DSSC is a photoelectrochemical
system capable of generating a photocurrent from sunlight absorp-
tion. Ever since the first demonstration of a DSSC presenting suffi-
cient absorption to become a competent PV technology114,115, a wide
variety of approaches have been progressively developed and imple-
mented in the cell to reach a maximum power conversion efficiency
(PCE) close to 12%100,116. In these devices, the active material is an ab-
sorbing dye anchored to a wide-bandgap semiconductor. The typical
architecture of a DSSC consists of a film of TiO2 nanoparticles sen-
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Figure 1.9: Schematic of a DSSC displaying its different constituents.
sitised with light-absorbing dye molecules, usually ruthenium (Ru)
complexes, deposited on top of a transparent conductive oxide (TCO)
substrate, embedded in a liquid electrolyte containing an iodide/tri-
iodide (I−/I−3 ) reduction-oxidation couple and a counterelectrode ac-
tivated with platinum (Pt) for catalytic action, as illustrated in Fig.
1.9. The high internal surface area of the photoanode based on nano-
metric TiO2 particles is advantageous formaximisation of the number
of dye molecules anchored to the material, resulting in high optical
absorption. The photons reaching the photoanode through the TCO
substrate are absorbed by the dye molecules, exciting the electrons in
the ground state,which are injected into the TiO2-nanoparticlematrix.
These electrons diffuse throughout the TiO2 nanocrystalline network
and are collected by the electrode, thus generating a photocurrent. At
the same time, the oxidised dye molecules are regenerated by the io-
dide in the electrolyte, which diffuses to the counter-electrode as I−3 ,
where it is reduced back to iodide. Recombination between electrons
in the sensitised TiO2 matrix and holes in the electrolyte can occur
and is therefore a factor responsible for lowering the PCE of DSSCs.
Limitations of DSSCs: One factor limiting the performance of a
DSSCderives from the short thickness required for photoanodes. Ow-
ing to the diffusion length of the generated electrons, of a few tens of
microns, the thickness of the photoanode is restricted for an efficient
collection of the generated electrons. While short thicknesses endow
the devices with high transparency, which is regarded as an advan-
tage of the technology, it limits the absorption capability of the inci-
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dent light by the dye molecules. In that regard, the characteristics of
the dye itself also limits the operation of the device, since it inevitably
determines its light-harvesting capability and thus, its PCE117. De-
spite their generally broad absorption spectra, they usually present
lowmolar extinction coefficients. Di-tetrabutylammonium cis-bis(iso-
thiocyanato)bi(2,2’-bipyridil-4,4’-dicarboxylato)ruthenium(II)
(N719), Fig. 1.10(a), has been extensively used as sensitiser. As with
the majority of available dyes, the main drawback of N719 is its con-
siderably weak absorption above 780 nm, critically hindering NIR
light harvesting118. Figure 1.10(b) displays the absorption curve of an
8-𝜇m thickmesoporous TiO2 film sensitisedwithN719. Despite span-
ning overmost of the visible range of the spectrum, the absorptance of
this sensitised TiO2 dramatically drops in the red region, hardly pre-
senting absorption in the NIR, where the incident solar photon flux is
still relevant. Therefore, experimental approaches for light-harvesting
enhancement in this range of weak absorption would help boosting
the performance of DSSCs presenting this issue. The most extended
approach in order to counteract insufficient absorption consists in the
inclusion of a backscattering layer consisting in large TiO2 particles of
a size around 200 nm on top of the photoactive electrode119–123. As a
consequence, light not absorbed within the photoanode is diffusively
reflected back into the electrode, offering a second chance for absorp-
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Figure 1.10: (a) Molecular structure of the dye N719. (b) Absorption
curve of an 8-𝜇m thick mesoporous TiO2 film sensitised with N719
(blue line). The normalised incident solar photon flux has been in-
cluded for comparison (gray line).
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tion. In fact, the device for which the highest efficiency up to date
was reported included a 5-𝜇m-thick backscattering layer116. The in-
tegration of a backscattering layer inevitably leads to a loss of trans-
parency in the cell. Therefore, a trade-off between performance of the
device and transparency must be met.
Photoanodes including optical disorder have been considered as
a strategy to boost light harvesting in DSSCs. This strategy profits
from the diffuse light due to scattering triggered by the presence of
scattering centres in order to enlarge the optical path of light, thus
increasing the probability of absorption. J. Xi et al.124 explored the ef-
fect on the PCE of DSSCs of including a mixture of individual TiO2
nanocrystallites with microsized TiO2 aggregates into their photoan-
ode, attaining a considerable highest 7.59% PCE for an electrode in-
cluding 30%-70% aggregates-nanocrystallite mixture. S. Hore et al.125
considered air cavities of around 400 nm as scattering centres instead
of high refractive index particles, which led to PCEs as high as 6.7%.A
rather different strategy still based on light scattering was developed
by Z. Tian et al.126, who introduced a porosity gradient in the photoan-
ode of a DSSC as a means to generate light scattering, demonstrating
an increase of the PCE.
1.3.3.2 Colour converters for light-emitting devices
Lighting is nowadays so profoundly interwovenwith daily human ac-
tivities that its importance may often go unnoticed. Throughout the
history of lighting, diverse technologies have been developed for out-
door and indoor illumination, from the burning of natural gas and
the birth of the incandescent bulb to fluorescent tubes and compact
fluorescent lamps based on the electrical excitation of a gas. Nonethe-
less, a relatively recent technology is revolutionising the way light
is generated for human benefit, especially with the demonstration
of its potential to replace conventional artificial light sources within
the last two decades. Such technology relies on the PL of a semicon-
ductor p-i-n junction through an electrical current, forming a light-
emitting diode (LED). Lighting of streets, homes and workplaces ac-
counts for an important fraction of the generated energy. More specif-
ically, around 16% of the total electricity consumption in the U.S. in
year 2015 was derived from lighting applications127. For this reason,
21
1. Introduction
light sources presenting better performance would result in signifi-
cant savings and less environmental impact. The advantages of LEDs
have proved them a strong candidate to become a predominant low-
cost lighting technology. In comparison to conventional incandescent
light bulbs, which lose up to 95% the energy as heat128, LEDs effec-
tively transform a larger fraction of the input electrical current into lu-
minous energy, yielding a current conversion efficiency around 40%.
They present a compact size and operate with no need of the haz-
ardousmercury vapour typically required for fluorescent tubes.More-
over, whereas the latter requires excitation around 254 nm, LEDs can
be designed for excitation at a wavelength in the range 330-450 nm,
which would also contribute to lower energy demands by reducing
the quantum deficit. Eventually, LED technology allows tuning of the
properties of the emission, such as directionality, spectral power dis-
tribution or colour temperature.
This section offers briefly addresses the architecture and opera-
tion of a typical light-emitting diode, as well as some downsides re-
quiring special heed in order to take the technology to a higher matu-
rity level.
Structure and operation of an LED: Solid-state light sources base
their operation on the electroluminescence of a semiconductor ma-
terial for light generation. Studies on GaN129,130 led to the demon-
stration of a bright blue LED in 1994131, followed by the rapid devel-
opment of efficient and viable blue, green and yellow LEDs132. The
birth of the first efficient blue LED opened the door to the generation
of white light from a solid-state device. Additionally, since blue is
located at the short-wavelength edge of the visible spectrum, down-
shifting through luminescent materials into other colours would be
in principle possible133.
LED chips essentially comprise a p-type semiconductor, present-
ing abundant holes, and an n-type semiconductor, rich in free elec-
trons, in contact, forming a p-n junction. More specifically, the n-type
material, which presents a large bandgap, is followed by successive
thin layers of alternating smaller and larger bandgap materials, giv-
ing rise to the formation of quantum wells that efficiently trap holes
and electrons. Topping the structure, a semiconductor layer of a hole-
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Figure 1.11: Principal strategies proposed for the generation of white-
LED light. (a) Device based on three individual chips emitting blue,
green and red light, (b) device based on a blue-emitting chip coated
with yellow-emitting YAG:Ce phosphors and (c) device based on
a UV-emitting chip coated with red, green and blue-emitting phos-
phors
richmaterial is placed. Recombination of holes from the valence band
with electrons from the conduction band creates light of a colour de-
fined by the energy gap between the bands.
Combination of different-colour light-emitting diodes would in
principle enable selection of the wavelength of the emitted light, Fig.
1.11(a). However, the process of light generation presents poor effi-
ciencies in some cases, as it is for the production of green and yellow
colour, whose light-generation efficiency is currently around 20% or
even below. This prevents multi-LED devices from achieving high
efficiencies. Moreover, the different dependence of the lumen output
on the operation temperature for different LED colours creates the ne-
cessity for additional circuitry for the control of temperature. For in-
stance, the conversion efficiency of green and yellow LEDs have been
proven to decrease significantly faster than blue LEDswith increasing
temperature. As a result, reliable white light generation from a combi-
nation of red, green and blue LEDs still remains a challenge. For these
reasons, this architecture has been overshadowed by a phosphor-con-
verted LED (PC-LED) configuration, Fig. 1.11(b) and (c). Commer-
cial white LEDs typically present a PC-LED architecture, based on
an emitting chip coated with a layer of luminescent materials (phos-
phors) generally dispersed in a polymericmatrix. This phosphor coat-
ing is known as conversion coating and it presents the capability to ab-
sorb light emitted by the chip for re-emission at a longer wavelength
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according to the Stokes shift, which is dictated by the chemical na-
ture of the phosphor. These devices commonly combine a chip con-
sisting in a GaN semiconductor film, presenting intense blue emis-
sion in the 420-500 nm range, with a conversion coating based on
yellow-emitting cerium-doped YAG phosphors, as illustrated in Fig.
1.11(b). In some situations, PC-LEDs simply offer a more efficient
process of light generation than directly from LED chips. However,
the use of blue radiation as excitation imposes a limitation that ap-
pears as a drawback. There is a short number of available phosphors
that can be efficiently excited with blue light and, in fact, YAG:Ce
phosphors are rather an exception. Furthermore, due to the lack of
red component in the emission spectrum of YAG:Ce, this device pro-
vides cold white light yielding poor colour rendering, that is, it is not
able to faithfully reproduce the true colour of an object upon illumi-
nation. Other inorganic phosphors for appropriate colour-conversion
have been investigated as an alternative to common YAG:Ce. For in-
stance, a white-emitting LED yielding a colour rendering index as
high as 90.5 (over 100) was built by exciting a combination of green-
emitting SrSi2O2N2:Eu2+ and red-emitting CaSiN2:Eu2+ phosphors
with a blue chip134. For conversion layers combining green- and red-
emitting phosphors for the generation of white light from a blue LED
chip, green-emitting Eu3+-doped LaSi3N5 phosphor is especially pro-
mising due to its broadband photoluminescence peak at 549 nm135
and as for the red component, Ca2ZnSi2O7:Eu2+ can efficiently ab-
sorb 460-nm blue light136. In order to overcome the issues posed by
the common PC-LED architecture based on a blue-emitting chip in
combination with YAG:Ce phosphors, substitution of the blue by an
UV-emitting chip in combination with red, green and blue-emitting
phosphors has been proposed, Fig. 1.11(c). Not only supresses this
configuration the dependence on blue light for excitation, but it also
allows a broader wavelength coverage of the emission, offering a bet-
ter colour rendering. Moreover, higher colour stability is expected,
since fluctuations in the emission wavelength of the UV chip would
not have an important influence on the emission colour of the device.
Nonetheless, the need to combine three different phosphors poses an
issue. Phosphors yielding PL at two different wavelengths simultane-
ously have been proposed as a possible solution and phosphors such
as Sr(PO3)2:Eu2+,Mn2+, which provide a combination of blue and or-
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ange emission due to the Eu2+ and Mn2+ centres, respectively, have
demonstrated white emission under UV irradiation137. Another dis-
advantage is the higher energy losses that are expected in the colour-
conversion processes as the excitation energy is increased. That in
combination with losses owing to absorption of phosphor-emitted
light by the other phosphors, places the strategy considering a blue-
emitting LED as the most commonly implemented.
The use of PC-LED architectures entails drawbacks derived from
employing inorganic phosphors as converting material. In particular,
the high cost of the RE cations introduced as luminescence centres
in most inorganic phosphors in combination with their processing,
which usually involves high temperatures, high pressure or reducing
conditions, limits their use. In that regard, other promising alterna-
tives are being explored. Quantum dots (QDs), for instance, are at-
tractive candidates. One reason for this is their high quantum yield
(QY). In fact, QY values as high as 98% (for CdSe/CdS QDs)138 have
been achieved as a consequence of the efforts focused on the max-
imisation of the QY of QDs139. Furthermore, they are susceptible to
be easily dispersed in a polymeric matrix for integration into an LED
device, in analogy to YAG:Ce phosphors. An intermediate approach
involving inorganic phosphors and QDs was devised by H. S. Jang et
al.140, who proposed the combination of red-emitting CdSe QDs with
broad-emission greenish-yellow-emitting Sr3SiO5:Ce3+,Li+ co-doped
with Pr3+ so as to enhance the colour rendering of white-emitting
LEDs.
Another alternative currently under investigation consists in the
use of organic phosphors for the processes of down-shifting, giving
rise to the so-called white hybrid light-emitting diodes (WHLEDs).
The group of organic phosphors encompasses a wide range of ma-
terials, such as organic dyes141,142, carbon nanodots143,144 or fluores-
cent proteins145,146. The emergence of this hybrid type of luminescent
devices has attracted attention owing to their promising advantages.
Whereas WHLEDs offer an easy design of the emission properties,
high colour quality and a cost-effective and considerable environmen-
tally friendly manufacture, their currently low thermal and chemical
stability prevent them from becoming reliable and widely employed
sources for lighting applications.
25
1. Introduction
The possibility of employing nano-sizedRE-doped phosphors has
also been proposed as an alternative to common inorganic RE-based
phosphors, which usually present a grain size of the order of the mi-
crometer, owing to their properties, such as size tunability for im-
proved optical quality, reduced light scattering or narrow emission
band. The uncontrolled light scattering of YAG:Ce phosphor-based
conversion layers hampers an optical design for a desired optical re-
sponse of the material. In contrast, nano-sized phosphors offer the
possibility of optical quality when employed for the fabrication of
films, thus allowing control over the optical properties of the lumi-
nescent films through different strategies, such as nanostructuring or
integration of particles.
Current drawbacks and limitations of LED technology: Despite
the benefits of the LED technology, there are still some issues to be
overcome in pursuit of efficient operation and safety. Among those
issues, two of them present special relevance. One is related to the
strong blue component in the emission spectrum of white PC-LEDs
based on a blue diode, Fig. 1.12(a). Figure 1.12(b) displays the emis-
sion spectrum of a standardwhite-light LED, which reveals an impor-
tant contribution of the blue light emitted by the chip to the device
emission spectrum.Whereas blue light has been proven to play a cru-
cial role inmood147 and the correct regulation of circadian rhythms148,
Figure 1.12: (a) Schematic of a light-emitting device in a PC-LED con-
figuration. (b) Emission sprectrum of a typical white LED compris-
ing a blue diode coated with yellow-emitting Ce:YAG phosphors as
conversion material.
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there are signs that it could in turn become a negative agent due to
incessant exposure, especially for the eye, owing to the high trans-
parency of the cornea and the lens to blue light149. Moreover, out-
door applications of white PC-LEDs could result in an intensifica-
tion of light pollution due to the high scattering cross section of the
molecules in the atmosphere at shorter wavelengths. Light pollution
has been linked to a series of harms not only in humans, but especially
wildlife, such as birds150–152, insects153 and trees154. Furthermore, as
previously mentioned, the use of YAG:Ce as standard phosphors in
combination with a blue-emitting chip yields poor colour rendering,
as well as cold shades of white. The other main issue derives from
the large refractive index of the materials required for the fabrication
of the different components of LEDs. As a consequence, a significant
fraction of the light produced in the active region can be trapped by
means of total internal reflection in the different elements compris-
ing the LED device, therefore not contributing to the usable light. In
this regard, strategies for the enhancement of the extraction efficiency,
such as surface roughening155 or nanostructures integration into the
diode156, have been proposed. Hence the importance of developing
approaches in order to achieve more efficient processes of light out-
coupling from the different components of an LED device.
1.4 This thesis
1.4.1 Objectives
The work depicted in this thesis focuses on the study of the phenom-
ena of light absorption and emission enhancement in optically ran-
dom media, as well as their integration into light-emitting and third-
generation PV devices. The project proposes the fabrication of novel
optically disordered media by randomly distributing scattering cen-
tres of controlled size and shape in films of transparentmatrices,which
enables a design of their scattering properties.
A series of objectives are pursued from a fundamental point of
view. In the first place, the project proposes the fabrication of opti-
cally disordered materials with the appropriate features to originate
an enhancement of the optical absorption and emission. Gaining un-
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derstanding of the effect of the phenomenon of multiple scattering
in these materials on the processes of light absorption and emission
by dye molecules embedded in their structure or by nanomaterials is
sought for. At the same time, it is of interest to find if the features of
these optically disordered materials, which display a photonic glass
structure, can yield a resonant enhancement of the optical absorption
and emission. Eventually, a complete characterisation of their optical
response is required in order to analyse how light propagates in them,
as well as to assess their suitability for integration into optoelectronic
devices.
From a technological perspective, a double objective is pursued.
Firstly, an enhancement of the PCE of DSSCs by integrating differ-
ent amounts of optical disorder into their sensitised electrode is pro-
posed. Themechanism responsible for such improvement is based on
an increase of the residence time of light inside the photoanode as a
consequence of multiple scattering phenomena. A longer residence
time of light would in principle boost the absorption probability and
thus give rise to an increase of the number of generated photocarri-
ers. The other side of this technological objective aims at increasing
the efficiency of light-emitting devices integrating conversion layers
comprising phosphors in combination with optical disorder.
1.4.2 Overview
The research activity giving rise to the results depicted in this thesis
was performed in the Institute of Materials Science of Seville under
the supervision of Prof. Dr. Hernán Míguez and Dr. Gabriel Lozano.
Realisation of this work was possible through funding received by
the Spanish Ministry of Education and Vocational Training through
an FPU programme under grant FPU14/00890.
The results obtained during the development of this thesis project
are depicted in the next chapters as follows:
• Chapter 2 details the different experimental procedures em-
ployed for the fabrication of the diverse components of the
Mie glasses, such as the synthesis of the scattering centres and
nano- phosphors, aswell as the preparation of transparentma-
trices. The fabrication of DSSCs is also depicted. A second sec-
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tion is devoted to the characterisation techniques used for the
analysis of different aspects of light propagation and gener-
ation in the materials of study. Here, the approaches to per-
form a photoelectrical characterisation of DSSCs required for
assessment of their operation are also described. The last sec-
tion presents the theoreticalmethods required for the analysis
of the systems at some point of the work, ranging from theo-
retical formalisms to numerical approaches employed for the
simulation of the fabricated materials and their optical prop-
erties, as well as electrical characteristics of DSSCs.
• Chapter 3 focuses on the analysis of light transport in the dif-
ferent fabricatedMie glasses and the characterisation of the op-
tical disorder based on 𝓁𝑠𝑐 and 𝓁𝑡. In the first place, simulations
of different combinations ofmaterials forwhich strong scatter-
ing is expected are presented and the suitability of such combi-
nations for the aims of the work evaluated in terms of 𝜎𝑠𝑐 and
𝓁𝑠𝑐, thus justifying the combinations eventually selected. From
these results, the optical properties of transparent matrices of
TiO2 and SiO2 are analysed and the effect of the presence of
disorder on their optical response is studied. The possibility
of describing light propagation in these materials according
to Mie formalism is investigated.
• Chapter 4 is devoted to the integration of the TiO2-basedMie
glass as photoanode into bifacial DSSCs. A theoretical study
on the performance of the cell in relation to the features of
the scattering centres is presented, which enables an optical
design of the device. After that, an electrical characterisation
of the fabricated cells allowing an evaluation of the cell oper-
ation with respect to the properties of the scattering centres
is presented. Their performance as bifacial devices is also as-
sessed.
• Chapter 5 presents the study of emission enhancement in those
Mie glassesdisplaying luminescence. In the first place, the emis-
sion improvement in the TiO2-basedMie glasswhen sensitised
with molecules of an emitting dye as a function of the param-
eters of the integrated inclusions is evaluated. The last section
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focuses on the analysis of the PL properties of transparent lu-
minescent films based on nanophosphors and the Mie glass
resulting from integrating scattering centres into their struc-
ture. The emission enhancement due to a more efficient out-
coupling of light from the films triggered by the presence of
optical disorder is analysed.
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2 Methods
This chapter focuses on depicting the diverse tools employed for the
development of theworkpresented in this thesis. The exhaustive stud-
ies performed leading to the results herein described cover a wide
range of aspects, for which different experimental and calculation
techniques were required. The first section is devoted to methods
related to the fabrication of the materials, covering aspects ranging
from the synthesis of nanoparticles to the fabrication of full optoelec-
tronic devices. After that, the different characterisation techniques
that allowed determination of the optical response of the fabricated
materials are described. Eventually, the last section depicts the ana-
lytical and numerical tools employed for the modelling and design of
the studied systems, providing the theoretical insight required for a
thorough understanding of their properties.
2.1 Processing methods
The highly experimental character of this thesis involves the use of
a vast number of synthesis and fabrication methods. This section ad-
dresses experimental methods oriented toward the fabrication of ran-
dom media for integration into either DSSCs or light-emission ap-
plications, giving details on the techniques and the implicated pro-
cesses.
2.1.1 Nanoparticle synthesis
This section provides references to the synthetic routes of nanoparti-
cles employed in this research. Specifically, a procedure for the syn-
thesis of spherical crystalline TiO2 nanoparticles and the synthesis
method of nano-sized phosphors are mentioned.
2.1.1.1 Crystalline TiO2 spheres
Spherical anatase particles in the sub-micrometre scale were used as
scattering elements in order to endow transparent matrices with opti-
cal disorder. TiO2 spheres were synthesised according to a modified
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Figure 2.1: (a) TEM image of the spherical structures resulting from
the synthesis process before sintering. (b) X-ray diffraction diagram
of the synthesised spheres before (upper half) and after (lower half)
sintering.
version of a procedure reported elsewhere1. This procedure consists
in a sol-gel method combining a step of controlled hydrolysis and nu-
cleation with a subsequent step of hydrothermal reaction. The spher-
ical structures employed in this work correspond to those resulting
from the former process, therefore omitting the step of hydrothermal
reaction. The Transmission Electron Microscopy (TEM) image in Fig.
2.1(a) illustrates the spherical shape of the resulting particles after the
synthesis process, which were in the amorphous phase, as evidenced
by the upper X-ray diffraction (XRD) diagram in Fig. 2.1(b). A crys-
talline phase was displayed after the sintering process performed to
achieve mechanical stability of the materials, as the lower XRD dia-
gram in Fig. 2.1(b) demonstrates. The method allowed control over
the size of the spherical structures through the hydrolisis conditions,
more specifically, through the volume of H2O added to the initial so-
lution.
2.1.1.2 GdVO4-based nanophosphors
Due to the interest in the preparation of mesoporous luminescent ma-
trices, near-UV excitable, Europium (Eu)- and Bismuth (Bi)-doped
phosphors of nanometric size based on rare-earth (RE) vanadates,
namely, GdVO4, were synthesised according a procedure already re-
ported2. The synthesis is based on a precipitation process and it pro-
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Figure 2.2: (a) TEM image of the synthesised GdVO4:Bi3+,Eu3+
nanophosphors. (b) XRD diagram yielded by dry GdVO4:Bi3+,Eu3+
powder (upper half), along with the standard PDF 86-0996, ICDD
2014 reference (lower half) included for comparison.
duced phosphors of an average size of (36 ± 7) nm, as visible in
the TEM image shown in Fig. 2.2(a). Such small size prevented visi-
ble light from being significantly scattered, thus yielding high trans-
parency when used for film preparation. Co-doping with Bi3+ en-
dowed the phosphor crystals with a cubic shape, as concluded af-
ter comparing with phosphors devoid of Bi3+ centres. The particles
resulting from the synthesis presented an amorphous phase, which
converted into crystalline after a thermal treatment, as confirmed by
the XRD pattern shown in Fig. 2.2(b). Comparison with the standard
PDF 86-0996, ICDD 2014 reference demonstrated crystallisation into
the tetragonal GdVO4 structure. A crystallite size of 39.5 nm was es-
timated from the Scherrer formula, in good agreement with that de-
termined from the TEM image in Fig. 2.2(a). Alternatively, the Eu3+
cations could be replaced by Dy3+ cations so a to achieve a different
emission spectrum by substituting the Eu-salt by the corresponding
Dy-salt during the synthesis.
2.1.2 Paste preparation
Most of the materials designed and analysed in this thesis were fabri-
cated fromprecursors in the formof a viscous paste. These pastes gen-
erally consisted of a mixture of the nanoparticles and organic binders
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in a viscous solvent. Using pastes as precursors is revealed advan-
tageous when aiming at large film thicknesses not feasible through
other solution-processing methods. Besides, the deposition methods
compatible with paste precursors can offer acceptable control over
the thickness of the film.
2.1.2.1 TiO2 nanoparticle paste
Mesoporous anatasematriceswere prepared froma commercial paste
(18-NRT, GreatCell Solar©) containing irregular TiO2 particles with
an average size of 20 nm. Films prepared employing this precursor
displayed high optical transparency in the visible region.
2.1.2.2 GdVO4-based nanophosphor paste
Transparent luminescent films comprising GdVO4-based nanophos-
phors dopedwith Bi3+ and a RE cationwere fabricated from a viscous
paste. For the paste preparation, the total weight of the nanophos-
phors, mnph, in a methanol suspension resulting from the synthesis
was determined in the first place. Further methanol was added to
produce a 120-ml diluted suspension. Subsequent sonicationwas per-
formed by means of tip sonication so as to minimise aggregation of
the phosphors for the sake of optical quality of the resulting films.
As organic binder, 0.3⋅mnph grams of ethyl cellulose (Sigma Aldrich,
powder) were added to the suspension, followed by tip sonication.
4⋅mnph grams of 𝛼-terpineol (SAFC, ≥96%) were added as a solvent
Figure 2.3: Description of the preparation process of a viscous paste
of GdVO4:Bi3+,Eu3+ nanophosphors
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and sonicated. This preparation process is illustrated in Fig. 2.3. Even-
tually, themethanol in the dispersionwas evaporated at reducedpres-
sure, yielding a viscous paste.
2.1.2.3 Integration of optical disorder
The process of integration of optical disorder in the transparent ma-
trices entails the random inclusion of scattering spheres previously
synthesised. This was achieved by dispersing a specific amount of
scattering centres in the precursor pastes for a desired volume filling
fraction of the inclusions in the eventual film, see Fig. 2.4. For exper-
imental realisation, it was necessary to convert the inclusion filling
fraction value into weight ratio:
𝑤𝑟 = 𝜌𝑚𝑎𝑡𝑟𝑖𝑥𝜌𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠
𝑓
𝑘(1 − 𝑝)(1 − 𝑓 ), (2.1)
where wr refers to the (scattering centre)/(embedding material)
weight ratio, 𝜌matrix and 𝜌inclusions to the density of the material consti-
tuting the matrix and the scattering centres, respectively, f refers to
the volume filling fraction, k is an adimensional term accounting for
the presence of an air shell surrounding the inclusions due to contrac-
tion effects during thermal treatment, being k = 1 for the absence of
shell, and p corresponds to the porosity of the mesoporous matrix,
typically p ≈ 0.5 in this work. Experimental observations from SEM
pictures allowed an estimation of k ≈ 5 for those materials based on
a high refractive index matrix fabricated during this thesis, for which
Figure 2.4: Inclusion of scattering centres in a nanoparticle-based
paste
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an air shell surrounding the scattering inclusions was generated. The
desired amount of material in the eventual paste, mtotal, defines the
required quantities of matrix paste, mpaste, and scattering centre dis-
persion, minclusions, given by:
𝑚𝑝𝑎𝑠𝑡𝑒 =
(1 − 𝑤𝑟) ⋅ 𝑚𝑡𝑜𝑡𝑎𝑙
𝑐𝑝𝑎𝑠𝑡𝑒
; 𝑚𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠 =
𝑤𝑟 ⋅ 𝑚𝑡𝑜𝑡𝑎𝑙
𝑐𝑖𝑛𝑐𝑙𝑢𝑠𝑖𝑜𝑛𝑠
, (2.2)
being cpaste and cinclusions the weight concentration of material in the
paste and the weight concentration of inlusions in the scattering cen-
tre dispersion, respectively. This amount of mpaste was roughly dis-
solved in 5 ml of absolute ethanol. After a brief sonication process,
the dispersion was vigorously mixed using a vortex mixer, followed
by a 10-minute process of magnetic stirring. An amount minclusions of
the scattering centre dispersionwas added to themixture, as well as a
certain amount of 𝛼-terpineol, performing 5-minutemagnetic-stirring
processes in between additions. The amount of 𝛼-terpineol was key
for the viscosity of the paste and hence, the minimum attainable film
thickness. Particularly, 0.8257 gwere addedwhen preparing photoan-
odes for DSSCs and 1.6514 g for the paste devoted to the fabrication of
Mie glasses for colour conversion and the nanophosphor-based paste.
Eventually, the ethanol in the mixture was removed through evapo-
ration at reduced pressure.
2.1.3 Film preparation
This part of the chapter includes detailed information on the different
procedures and techniques employed for the preparation of films of
the studied materials. The procedures are classified according to the
high or low refractive index of the porous matrix of the material.
2.1.3.1 High refractive index materials
This section includes the description of the fabrication of films of
matrices based on high refractive index materials, namely, TiO2 and
GdVO4, for either colour conversion applications or integration into
DSSCs and the fabrication of flexible emitting films based on nano-
sized phosphors, respectively.
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TiO2 matrix: Mie glasses consisting of anatase spheres embedded in
a mesoporous TiO2 matrix were fabricated in order to study funda-
mental aspects of the propagation of the light in a disorderedmedium,
see Ch. 3, and later on for the integration as photoanodes into DSSCs,
Ch. 4, and to demonstrate their potential for the improvement of light
emissionwhen infiltratedwith luminescent molecules, as depicted in
Ch. 5. The sampleswere prepared fromeither the commercial 18-NRT
GreatCell Solar© paste or a mixture of this with scattering spheres.
1-mm thick glass slides were cleaned through a 15-minute sonica-
tion process in absolute ethanol and used as substrates. Either 1-cm2
(for the disorder characterisation and application as efficient colour
converter) or 0.25-cm2 (for integration into DSSCs) area layers were
deposited via screen printing. Screen printing is a versatile and inex-
pensive deposition technique allowing the preparation of thick films,
while offering control over their thickness. Amesh attached to a frame
is used to transfer the paste onto a substrate placed underneath, as
illustrated in Fig. 2.5. The mesh is delimited by a blocking stencil, im-
permeable to the paste, so that the transferred pattern is defined by
the unblocked mesh area, step (1). After spreading some paste near
the pattern, step (2), the mesh is infiltrated with it by sweeping with
a squeegee while gently applying pressure, step (3) and (4). A sec-
Figure 2.5: Procedure of screen printing for the deposition of layers
from a viscous paste.
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ond sweeping, applied with enough pressure to bring the screen and
the substrate into contact, transfers the paste onto the substrate, step
(5), thus resulting in a fresh layer reproducing the pattern imposed
by the frame on the substrate, step (6). The properties of the result-
ing layer depend not only on factors related to the composition of the
paste, but also to the deposition technique itself, such as the mesh
density, which highly affects the eventual thickness of the film and
is thus considered as a thickness-control parameter, the applied pres-
sure or the speed of the sweeping. In particular, the thickness of the
films was controlled through the mesh density and the number of
successive depositions, for which processes of solvent evaporation at
150𝑜Cduring 5minutes in between depositionswere required for film
stabilisation. The area of the eventual film was defined by the screen
features. In the case of TiO2 matrices intended for integration as pho-
toanode into DSSCs, due to the need for charge collection in DSSCs,
the films were deposited on conductive substrates. In particular, FTO
glass substrates (XOP Glass, FTO TEC-11X) were employed, which
combine the possibility of charge transport with high optical trans-
parency. The substrates were cleaned following a 15-minute sonica-
tion process in a 2% vol. Hellmanex solution in deionised (DI) water,
followed by DI water rinsing and sonication in absolute ethanol for
15 minutes. 0.25-cm2 area layers were prepared via screen printing.
Two deposition processes were performed, including the correspond-
ing solvent evaporation process in between. A sintering process was
required after the deposition of the films in all the cases for mechan-
ical stabilisation by removing the organic components of the paste.
Specifically, this thermal treatment consists of a heating ramp from
room temperature to 180𝑜C for 10 minutes, where it plateus for 10
minutes, a subsequent heating process from 180𝑜C to 450𝑜C during
30 minutes followed by a 15-minute plateau, and a last heating ramp
from 450𝑜C to 500𝑜C, where it stays for 15 minutes. The procedure
offers an estimated precision around ± 500 nm in the thickness of
the films. Figures 2.6 and 2.7 demonstrate the reliability of the depo-
sition technique, which ensures thickness-controlled and structurally
homogeneous films. Specifically, the profile of a ca. 15-𝜇m thickmeso-
porous anatase filmpreparedwith the 18-NRTGreatCell Solar© paste
through a few deposition steps and acquired with a profilometer is
presented in Fig. 2.6. Figure 2.7(a) displays an SEM image of the cross
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Figure 2.6: Profile of a mesoporous crystalline TiO2 film of thickness
around 15 𝜇m prepared through a few depositions with the screen-
printing technique and employing the 18-NRT GreatCell Solar©
paste.
section of a bare TiO2 film (reference) and Fig. 2.7(b) shows the struc-
ture of the film resulting from the inclusion of scattering TiO2 spheres
in the initial paste. The SEM cross section image in Fig. 2.7(b) reveals
the presence of an air layer surrounding the TiO2 spheres, which was
attributed to shrinking effects during the thermal process required
for stabilisation of the films. For the study of light propagation in this
random medium as a funcion of the conditions of the included opti-
cal disorder, films with thicknesses ranging between 2 𝜇m and 12 𝜇m
were prepared by means of this procedure.
For the preparation of photoanodes including a backscattering la-
yer, a filmwas screen-printed on top of a sintered bare electrode from
a commercial paste containing irregular particles of average size be-
tween ca. 150 nm and ca. 250 nm (WER2-O, GreatCell Solar©). After
5 µm
Substrate
Film
(a)
5 µm
(b)
Figure 2.7: SEM cross section image of (a) a sintered TiO2-
nanoparticle film and (b) a TiO2-nanoparticle film integrating spher-
ical TiO2 scattering centres, both deposited via screen printing
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Figure 2.8: Preparation of a nanophosphor film through deposition
via doctor blade.
a thermal treatment consisting of a heating process up to 450𝑜C dur-
ing 30 minutes and sintering for 30 minutes, a solid layer of thickness
around 4 𝜇m on top of the photoanode resulted.
GdVO4matrix: Pastes based on nanophosphors were employed for
the fabrication of luminescent films. On top of a glass or quartz sub-
strate, a nanophosphor-based film was deposited via doctor blade
from the paste previously prepared. Doctor blade is a technique for
the deposition of thick films, analogous to screen printing, based on
the removal of the excess of a liquid solution or viscous paste from a
delimited area employing a blade, as illustrated in Fig. 2.8. The thick-
ness of the as-prepared film was controlled through the number of
spacers attached to the substrate defining the deposition area. Iden-
tical sintering process based on three heating stages previously de-
scribed yielded a solid porous luminescent film.
2.1.3.2 Low refractive index materials
This section provides details on the fabrication of ultralow refractive
index films based on a highly porous SiO2 film, in which spherical
TiO2 scattering centres can be included. The procedure covers the
preparation of films of polystyrene (PS) spheres from a liquid sus-
pension, infiltration through chemical vapour deposition (CVD) and
removal of the PS scaffold.
Highly porous SiO2matrix: In a quest for highly diffusive optically
random media, low refractive index materials appeared as an indis-
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putable requirement towards this goal. Through combination with
scattering centres of high refractive index, intense scattering is ex-
pected, since the scattering cross section of an inclusion, and thus
the scattering strength, is highly dependent on the refractive index
contrast between the inclusion itself and its surrounding medium.
With this purpose, films consisting of a highly porous SiO2 frame-
work with a porosity close to 90% were fabricated from PS-sphere
films via infiltration throughCVD. The fabrication procedure consists
of three steps: preparation of a scaffold consisting in a film of spher-
ical PS particles randomly distributed, sequential infiltration of this
scaffold through CVD for the formation of SiO2 in the pores between
the PS spheres and removal of the PS scaffold by means of a thermal
treatment.
In order to fabricate films consisting of disordered stacks of spher-
ical PS particles, a suspension of PS spheres in a mixture of water and
absolute ethanol as solvent was prepared. In particular, 20 ml of a 10
vol% dispersion of PS spheres of diameter d = (168 ± 1) nm in water
(IKERLAT Polymers S.L.©) were centrifuged at 24000 rpm for 40 min-
utes and the solvent removed. 9 ml Milli-Q water and 9 ml absolute
ethanol were added to the solid part in order to prepare a 10:45:45
(v/v/v) dispersion. Eventually, the dispersion was sonicated for re-
dispersion of the PS spheres. For the preparation of a film integrating
TiO2 spheres, the scattering centres were added from a dispersion
in absolute ethanol to the PS-sphere dispersion. The added amount
was dictated by the desired volume filling fraction, which can be cal-
culated through Eq. 2.1 and 2.2, for which k = 1 has to be considered
in this material.
Figure 2.9: Deposition of a film from a liquid solution through spin
coating.
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Figure 2.10: Process of deposition of a PS-sphere film via spin coating
from a dispersion of PS spheres.
The films were deposited via spin coating using this dispersion of
spherical PS particles. Spin coating is one of the most common tech-
niques for the deposition of thin films on a substrate. It relies on the
centrifugal force originated by the high-speed rotation of a substrate
for its coating from a small amount of a solution or a dispersion, usu-
ally in a volatile solvent. Spinning of the substrate causes spreading
of the solution, while accelerating solvent evaporation, as illustrated
in Fig. 2.9. After complete evaporation, often promoted through ther-
mal annealing, a conformal layer results. Thickness of the eventual
film depends exclusively on the rotation speed and the viscosity of
the solution, offering an estimated precision around ± 10 nm. 200 𝜇L
of the suspension were casted on a 2.5 x 2.5 cm2 glass substrate, spun
at 2000 rpm for 40 s and left to dry for 10 minutes at 60𝑜C, see Fig.
2.10. A second deposition with the same conditions was performed.
Eventually, the layers were dried overnight at 60𝑜C, yielding films
constituted by spherical PS stacks of thickness between 1-2 𝜇m, as
visible in Fig. 2.11.
500 nm
Figure 2.11: SEM cross section image of a film constituted by PS
spheres prepared by spin coating.
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For the fabrication of the material of interest, the PS scaffold was
infiltrated through CVD. This deposition technique consists in the in-
filtration through the porous structure of a material serving as a scaf-
foldwith one ormore volatile precursors in vapour phase. Reaction of
silicon tetrachloride, SiCl4, and water in vapour phase was promoted
inside the pores of the PS-sphere film through sequential infiltration.
In a first stage, the film was infiltrated with SiCl4 in vapour phase,
followed by infiltration with water vapour, triggering the formation
of a continuous SiO2 layer in the pores of the PS structure, as well as
some by-products. Specifically, reaction between SiCl4 and H2O trig-
gers the formation of silicic acid, Si(OH)4, and chloridric acid, HCl.
This HCl catalyses in turn the formation of H2O and siloxane bonds
from ≡Si-OH bonds3.
For the deposition procedure, a homemade set-up was built. The
setup consists of two lines like the one displayed in Fig. 2.12, for the
circulation of the two precursors, which are stored in individual glass
tubes. The gas flow is controlled by means of valves, which are man-
ually opened and closed. Each line includes a N2(g) inlet, which is
N2
Bubbler
Reactor
Basic solution
Figure 2.12: Schematic of a gas line of a homemade setup in order to
perform infiltration through Chemical Vapour Deposition (CVD) of
a material in vapour phase.
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used to generate a gas flow throughout the line, bubble the precur-
sors and enable their transport. The film is placed inside a tubular
quartz reactor, carefully sealed in order to allowmaintaining an inert
atmosphere during the infiltration process. A first step of purging of
the reactor by successive N2 filling and emptying is required in order
to remove any possible reactant inside the chamber. The line presents
a gas outlet leading to a basic solution for neutralisation of the acidic
by-products of the reaction. The first precursor, SiCl4(g), is bubbled
by N2 flow and transported throughout the line to the reactor, where
infiltration of the film occurs. In order to trigger the reaction and sub-
sequent formation of SiO2, a process of H2O(g) infiltration by N2
bubbling is subsequently performed. Posterior N2 flow is advisable
before sample removal in order to fully extract any acidic reactant
left in the reactor chamber. For the formation of SiO2 throughout the
PS scaffold, 1-minute infiltration processes with each reactant were
perfomed.
Eventually, a thermal treatment consisting in a heating process up
to 400𝑜C for two hours, where it plateaus for one hour, was performed
in order to remove the PS scaffold, yielding an around 2 x 2-cm2 film
consisting in a SiO2 network with porosities up to 90%.
2.1.4 Preparation of multifunctional films
The porosity imposed upon the films enables infiltration with differ-
ent fluorophores, chromophores or polymers in order to endow them
with further functionality. According to such added functionality, the
system can result suitable for specific applications. This part of the
chapter briefly depicts the procedures of sensitisation of thematerials
with diversemolecules for particular purposes, aswell as a procedure
to transfer them into a flexible support.
2.1.4.1 Sensitisation of films
With the purpose of endowing thematerial comprising amesoporous
TiO2 matrix with functionality and analyse its suitability in particular
applications, it was infiltrated with two types of dyes.
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Photoanode for DSSCs: Charge generation in DSSCs is enabled by
an absorbingdye anchored to the internal surface of their anatase pho-
toanode. For sensitisation of the material for DSSC integration, the
films were immersed overnight in a 0.5 mM solution of N719 (Great-
Cell Solar©), commonly employed in the field of DSSCs. After that,
the infiltrated filmswere rinsedwith absolute ethanol and driedwith
pressurised nitrogen.
Colour conversion: In order to demonstrate the potential of the TiO2-
basedMie glass as an efficient colour converter for solid-state lighting
applications, it was infiltratedwith fluorophores. Specifically, films of
thicknesses around 7.5 𝜇mwere sensitised through overnight immer-
sion in a 0.075 wt% solution of a perylene dye, namely, Lumogen® F
Red 305, BASF, in ethanol.
2.1.4.2 Flexible films
The porous nature of the prepared films enabled infiltration with a
polymer, which allowed endowing the material with flexibility4. The
result was a self-standing and flexible version of the depicted materi-
als. In this section, the procedure is depicted for the particular case of
nanophosphor films, although application to the TiO2-based matrix
is completely analogous.
In order to prepare a flexible version of a nanophosphor film, a sac-
rificial layer underneath the emitting material was required. Specif-
ically, a dense SiO2 layer was coated on the substrate from a SiO2
solution, which was prepared by diluting 18 ml tetraethyl orthosil-
icate (TEOS, Sigma Aldrich, 98%) in 136 ml absolute ethanol. 6.88
ml of Milli-Q water were added after vigorous stirring for some min-
utes. Subsequently, 0.32 ml of a 0.05 N hydrochloric acid (HCl, VWR,
37%) solution were added. After stirring for 24 hours, the solution
was ready for use. The SiO2 was coated on a glass slide by means
of dip coating. Dip coating is a solution-processing technique for the
deposition of thin films of precisely controlled thickness with an esti-
mated precision around± 10 nm, Fig. 2.13. A dip coating process gen-
erally consists in the immersion of a substrate at a constant speed in a
solution or particle suspension. After a dwell time for full wetting of
the substrate, it is withdrawn at a controlled speed. The withdrawal
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Figure 2.13: Deposition of the sacrificial SiO2 layer.
speed is a key parameter allowing control over the thickness of the
resulting layer, along with the concentration of the solution. Eventu-
ally, evaporation of the solvent leads to a thin film. In this work, the
SiO2 sacrificial layer was prepared by immersing a glass slide in the
solution previously depicted and withdrawn at a speed of 150 mm
min−1. The wet substrate was heated up to 500𝑜C for 30 minutes so as
to remove any organic residue and achieve conformation of the film,
yielding a transparent SiO2 film.
Poly(methyl methacrylate) (PMMA) was employed as support
material and thus used for infiltration. The polymer was infiltrated
through the pores of the nanophosphor film from a 15 wt% solution
of PMMA (Alfa Aesar, powder) in anisole via spin coating at 2000
rpm for 40 seconds, followed by drying at 60𝑜C for at least one hour,
Fig. 2.14(a). For etching of the SiO2 sacrificial layer and release of the
flexible film, the infiltrated layer was immersed in a 1% hydrofluoric
acid (HF, Fluka, 48%) solution for 40-60 minutes, Fig. 2.14(b). After
Figure 2.14: (a) Polymer infiltration of the nanophosphor film. (b)
Immersion in HF solution and flexible film detachment.
62
2. Methods
detachment, the flexible filmwas rinsed abundantly in water in order
to wash away any HF trace.
2.1.5 Solar cell fabrication process
The experimental procedure for the fabrication of the solar cells is
depicted in this section. The preparation process of solar cells com-
prising aMie glass-based photoanode encompasses the synthesis of a
viscous paste for the subsequent deposition of the photoanode, the
sensitization of the photoanode with an absorbing dye, the prepa-
ration of the counterelectrodes, cell assembly, electrolyte infiltration
and sealing.
2.1.5.1 Electrode preparation
Photoanode: The photoanodes were prepared and sensitised with
N719 according to the procedure already described in Sec. 2.1.3.1 and
2.1.4.1.
Counterelectrode: Clean FTO-coated glass substrates were drilled
for posterior electrolyte injection and spin coatedwith a 6mM chloro-
platinic acid hexahydrate (H2PtCl6, Sigma-Aldrich, ≥37.50%) solu-
tion in 2-propanol. 10 𝜇l of the solution were deposited on the sub-
strate and spin coated at 2000 rpm for 20 seconds after a first stage at
500 rpm for 5 seconds. Three depositions were performed with dry-
ing processes at 80𝑜C for 5 minutes in between. After that, the sam-
ples were heated up to 400𝑜C for 20 minutes so as to trigger thermal
decomposition.
2.1.5.2 Cell assembly
The cell was assembled by means of a thermoplastic polymer gasket
(Surlyn-Low Temperature Thermoplastic Sealant, GreatCell Solar©),
whichmelts at 110-130𝑜C. In that way, the photoanodeswere attached
to the drilled counterelectrodes by applying heat and pressure, so
that the polymer acted as a sealant after melting. The assembled sys-
tem was afterwards infiltrated with an electrolyte consisting of an io-
dide/triiodide (I−/I−3 ) redox couple in a mixture of acetonitrile and
63
2. Methods
valeronitrile and some additives. Specifically, the electrolyte solution
contained 0.7 M 1-butyl-3-methylimidazolium iodide (BMII, Sigma-
Aldrich, 99%), I2 (Sigma Aldrich, 99.999%), 0.1 M guanidinium-iso-
thiocyanate (GdnSCN, Sigma-Aldrich, ≥97%), 0.5M 4-tert-butylpyri-
dine (Sigma-Aldrich, 99%) in acetonitrile (Sigma-Aldrich, ≥99.9%)
and valeronitrile (Sigma-Aldrich, 99.5%) in a proportion 85:15 (v/v).
The holes were eventually sealed with a cover glass small enough not
to cover the active area in order to avoid additional reflections at op-
eration under rear illumination using the thermoplastic polymer.
2.2 Characterisation methods
Apart from the synthesis and fabrication, thematerialswere subjected
to diverse types of characterisation techniques in order to gain full
understanding of the relation between their structural features and
optical response, as well as to assess the operation of the devices into
which they had been integrated. This section is devoted to the main
techniques employed for the characterisation of different aspects of
the fabricated materials, for which either commercial equipments or
specific experimental setups were employed.
2.2.1 Structural characterisation
The exploration of the structural properties of the fabricated materi-
als was essential for an appropriate description of their configuration.
It allowed, for instance, the verification of an adequate integration of
the scattering centres into the transparent matrices or the determina-
tion of the size and shape of the different synthesised nanoparticles.
For that purpose, the materials were subjected to examination by dif-
ferent techniques. This part of the section presents a brief description
of each of the techniques employed for that purpose.
Scanning Electron Microscopy (SEM): An SEMmicroscope relies
on the interaction of an accelerated electron beamwith a specimen to
retrieve information on its structural properties. Most commonly, the
properties of the secondary electrons generated from the interaction
between the electron beam and the sample are analysed and used to
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produce an image. This technique mainly provides information on
the topography and morphology of the specimen. In this work, an
SEM microscope (S-4800, Hitachi®) allowed, for instance, the deter-
mination of film thickness through examination of cross section im-
ages or the observation of the stratified configuration of the scattering
spheres when integrated into specific matrices. In some cases, a Fo-
cused Ion Beam combined with an SEM (FIB-SEM) was used for the
preparation and exploration of the structures. In an FIB equipment,
an accelerated beam of ions, usually gallium, is employed to produce
controlled etching of a sample. When coupled to an SEMmicroscope,
the equipment offers the possibility of sample examination. This tech-
nique appears as especially convenient for the exploration of fragile
structures or when aiming at the observation of specific features sus-
ceptible to be easily ruined by mechanical action during the process
of specimen preparation for microscope exploration. Cross section
images obtained in this work through this technique were generated
employing a dual-beam Auriga FIB-SEM (ZEISS®).
Transmission Electron Microscopy (TEM): While similar to an
SEMmicroscope inasmuch as the interaction between an accelerated
electron beam and the specimen is the principle of image formation,
the TEM technique collects the electrons transmitted through the sam-
ple. As an example, images produced by a TEMmicroscope (CM200,
Philips®) allowed determination of the size and shape of the synthe-
sised nanophosphors.
X-Ray Diffraction (XRD): XRD is a non-destructive technique pro-
viding information on the crystalline structure of any material. The
technique is based on the analysis of the constructive interference of
X-rays diffracted at specific lattices in a crystalline structure. The sam-
ple, which can rotate an angle 𝜃, defined by the incidence direction
and the direction perpendicular to the surface of the sample, is irra-
diated with X-rays and the diffracted beam is collected by a detector
at an angle 2𝜃. Whenever the geometry of the incident beam in re-
lation to the structure of the sample verifies the Bragg equation for
the diffraction, constructive interference occurs and a maximum in
intensity is detected.
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2.2.2 Optical characterisation
A full study of the optical response of the fabricated randommedia is
crucial in order to understand how the conditions of the included dis-
order affects the propagation of light. This characterisation is mostly
based on spectroscopic techniques, such as reflectance and transmit-
tance or photoluminescence (PL) in the case of emitting materials.
2.2.2.1 Reflectance and Transmittance
In a large number of cases, spectroscopic reflectance and transmit-
tancemeasurementswere performedon thematerials in order to char-
acterise their optical response. This type of characterisation was cru-
cial for the determination of essential magnitudes studied in this the-
sis, such as 𝓁𝑠𝑐 and 𝓁𝑡.
Specular and ballistic: The measurements of specular reflectance,
Rs, and ballistic transmittance, Tb, were performed by means of a
UV-Vis-NIR spectrophotometer (Cary 5000, Agilent Technologies©),
which operates by collecting the light either transmitted or reflected
by the sample and referring it to the intensity of the incoming beam,
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Figure 2.15: Operation of the Universal Measurement Accessory,
UMA (Agilent Technologies©), and different measurable magni-
tudes.
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thus spectrally determining the relative intensity of the collected light.
When coupled to the Universal Measurement Accessory, UMA, the
equipment enables angular collection of the light either reflected or
transmitted by a film in an absolute way, see Fig. 2.15. A rotary clamp-
like sample mount is placed at the centre of the measurement cham-
ber. The detector consists of a combination of Si and InGaAs detectors,
providing coverage in the 190-2800 nm wavelength range. The auto-
mated detector allows collection of light at any angle in the incidence
plane around the sample, thus allowing the determination of the an-
gular distribution pattern of the light emerging from the sample in
a plane perpendicular to the film. In this work, for the measurement
of Rs and Tb, the sample mount was rotated 6𝑜 with respect to the in-
cident beam and the detector placed at 12𝑜 and 180𝑜, respectively, as
indicated in Fig. 2.15. The samples were illuminated with light gen-
erated by either a Deuterium UV or a Visible QI lamp, depending on
the wavelength range.
Total and diffuse. Angle-resolvedmeasurements: For the determi-
nation of the total reflectance, R, total transmittance, T, as well as
their respective diffuses, Rd and Td, the Internal Diffuse Reflectance
accessory was coupled to the equipment, consisting in an integrating
sphere coated with a highly diffusive material. The accessory allows
spectral measurement of the light inside the sphere and determina-
tion of the relative intensity after comparing with a reference beam.
The position of the sample dictates whether the collected intensity
corresponds to either a reflectance or a transmittance measurement,
see Fig. 2.16. The absorptance of the films, A, can be determined from
R and T according to
𝐴(𝜆) = 1 − 𝑅(𝜆) − 𝑇(𝜆). (2.3)
When indicated, R and T measurements were performed on a set-up
mounted on an optical table, consisting of an integrating sphere (10
inches, Labsphere©) coupled to an optical fiber in order to guide the
light into a spectrophotometer (USB 2000+, Ocean Optics©). Using
a white light lamp (HL-2000, Ocean Optics©) for illumination of the
films, the set-up enables determination of R and T, and therefore, A,
by means of a standard procedure.
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Figure 2.16: Position of the sample for the determination of (a) R, (b)
Rd, (c) T and (d) Td by means of the Internal Diffuse Reflectance ac-
cessory.
Determination of angular-resolved diffuse magnitudes was possi-
ble by means of the UMA set-up described above.
2.2.2.2 Photoluminescence
Some of the fabricated materials displayed photoluminescence, since
they either comprised a luminescent matrix or had been infiltrated
with emitting molecules. The characterisation of their PL properties
was therefore required in order to understand the influence of the
inclusion of optical disorder on their emission features, as well as to
quantify any variation of these.
Static and angular dependent measurements: The static PL of the
light-emitting films was determined by means of a spectrofluorom-
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eter (Fluorolog®-3, Horiba Jobin Yvon). White light generated by a
Xenon lamp is directed towards a monochromator at the entrance of
the measurement chamber so as to select the pumping wavelength,
𝜆𝑝𝑢𝑚𝑝. The beam at 𝜆𝑝𝑢𝑚𝑝 impinges on the sample for excitation and
the emitted light is sent to a second monochromator allowing its de-
composition for spectral analysis. The intensity of the light at each
wavelength is determined through collection with a photodetector.
Besides, the measured intensity is steadily corrected during data ac-
quisition by the signal collected by a photodetector of the incoming
beam at the entrance of the measurement chamber, in order to avoid
contributions from instabilities in the emission of the lamp. The equip-
ment allows coupling of an integrating sphere, which enables collec-
tion of the light emitted in all directions.
For the characterisation of the angular-dependent PL of the films,
an experimental set-up was designed and built. This set-up consists
in a back focal plane microscope based on Fourier analysis. Opera-
tion of this set-up relies on the fact that the complex amplitude of
any monochromatic wave in the frontal focal plane of a lense is re-
lated to that in the back focal plane through the Fourier transform.
All the rays emerging from the object plane at a given angle converge
into the same point in the back focal plane, which can be associated
to a specific k vector. Therefore, this set-up enables the determination
of the intensity distribution of the light emitted by a luminescent film
over all the wave vectors included in the numerical aperture (NA) of
the objective. The filmwas excited by a laser diode and its emission in-
tensity collected by a 100x objective with 0.75 NA, consequently form-
ing an image at the back focal plane. The image is scanned through
a mobile optical fiber controlled by a motor system and coupled into
a spectrophotometer (USB 2000+, Ocean Optics©), which provides
spectral information for each scanned point. The angular resolution
is defined by the fiber section. In this way, the PL spectrum of the film
was attained as a function of the angle of emission.
Time-resolved measurements: For the decay dynamic emission of
the luminescent films, the spectrofluorometer equipment described
above coupled to a Multichannel Scaler (MCS) was employed.
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2.2.3 Optoelectrical characterisation of solar cells
In order to assess the effect of integrating optical disorder into the
photoanode of DSSCs, an optoelectrical characterisation of the de-
vices was required. During the measurements, a black opaque mask
limiting the active area to 0.25 cm2 was placed on the cell, so that only
the active area of the device was illuminated, thus ensuring that no
light derived from parasitic reflections or refractionwould contribute
to the generation of the photocurrent and therefore result in an over-
estimation of the measurements.
2.2.3.1 Spectral Incident Photon-to-Current Efficiency
For the determination of the spectral 𝜂𝐼𝑃𝐶𝐸, a specific set-up was built.
White light generated by a 300-W xenon arc lampwas sent to a mono-
chromator consisting in a large 1140 lines-per-milimeter grating (mo-
del 272, McPherson®), controlled by a digital scan drive system (Mo-
del 789A-3, McPherson®), therefore allowing selection of the wave-
length of the light impinging on the solar cell. In order to avoid the
presence of second-order harmonics, a longpass UV filter with a cut-
off wavelength 𝜆= 400 nmwas placed after the monochromator. The
solar cell was fixed to a holder and the generated photocurrent was
measured at each wavelength in the range 400-800 nm by a picoam-
meter (Model 6485, Keithley®) connected to the contacts. Data of the
wavelength-dependent current were acquired with a computer. The
photon flux of the incident light was measured using a calibrated sil-
icon diode (D8-Si-100 TO-8 Detector, SphereOptics©) for correction
of the device response.
2.2.3.2 J-V characteristics
The most widespread method for the assessment of the operation
of a solar cell consists in the determination of its J-V curve. The pa-
rameters yielded by this curve enables the calculation of the PCE. To
this end, the device was illuminated with 100-mW cm−2 light gener-
ated by a solar simulator (Sun 2000, Abet Technologies©) by a 150-W
xenon arc lamp combined with an AM1.5G filter. The power of the
incident light was regularly verified by means of a calibrated silicon
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solar cell. Under illumination, the photocurrent generated by the cell
is measured using a source meter (Model 2400, Keithley®) while ap-
plying an external variable bias voltage. The data were processed by
a software for the extraction of the J-V curves.
2.3 Theoretical methods
The systems studied throughout this thesis present the advantage of
enabling tailoring of their optical properties in order to meet specific
requirements for particular applications. Besides, the availability of a
theoretical model capable of supporting the experimental results re-
inforces the method and highlights its potential, while also serving
as a design tool. In this section, the theoretical background, as well as
the numerical approaches employed either as design tools for the ma-
terials or complete devices or as a means to analyse the experimental
results are detailed.
In the first place, an analytical (Mie formalism) and a numerical
(Finite-Difference Time-Domain) method for the description of the
optical response of light scattering by an individual particle are de-
scribed. After that, themodelling is extended to amaterial integrating
scattering centres. Here, the mathematical expressions required for
the determination of 𝓁𝑠𝑐 and 𝓁𝑡 from experiments and a numerical tool
based on a Monte Carlo approach for the description of light propa-
gation throughout multilayer systems, which allows to consider the
effect of scattering particles, are provided. Eventually, details on the
modelling of DSSCs are provided.
2.3.1 Response of an individual scattering particle
This section focuses on the modelling of the behaviour of light after
interaction with an individual particle. The Mie formalism for the an-
alytical determination of light scattering by a sphere is provided, fol-
lowed by a description of the details of the numerical simulations of
the optical response of an individual particle of any shape through
Finite-Difference Time-Domain (FDTD).
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2.3.1.1 Mie formalism
The main route for the generation of optical disorder employed dur-
ing this thesis consists in the random inclusion of spherical scatter-
ing centres in transparent matrices. The scattering of light by this dis-
ordered distribution triggers a diffuse propagation of the incoming
light, see Fig. 2.17(a), endowing the material with properties typical
of turbid media. Light is therefore removed from the incidence direc-
tion and scattered at larger angles, describing an angular pattern in
reflection and transmittance dependent on the scattering strength of
the material, Fig. 2.17(b).
In all cases, low volume concentration values of the inclusions
were considered, thereby minimising correlations among particles
when aiming at describing the scattering of light. In this limit of high
dilution, single-particle scattering can be expected to account reason-
ably well for the total scattering of light in the system, thus allow-
ing a description of light propagation based on the scattering of light
caused by an individual particle. The problem of the scattering of an
electromagnetic plane wave by a small sphere of arbitrary radius and
refractive index is exactly soluble and it was resolved a long time ago,
as described by the formalism formulated by Gustav Mie in 1908, the
Figure 2.17: (a) Illustration of the diffuse propagation of light
throughout an optically random medium. (b) Experimental angular
distribution of the light scattered by a mesoporous anatase film inte-
grating TiO2 spherical scattering centres of size r = (225 ± 20) nm in
a 10% concentration at 𝜆 = 600 nm. Measurements were performed
every 14𝑜.
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Figure 2.18: Angular distribution of the light scattered by a 300-nm
radius anatase sphere at 𝜆 = 600 nm.
Mie theory5,6. An interesting peculiarity of the Mie scattering for a
sphere of a size comparable to the wavelength of the incident light
is a largely forward-oriented distribution of the scattered light, see
Fig. 2.18. Throughout this thesis, the propagation of light in random
media was assessed through Mie theory considering spherical scat-
tering particles embedded in an absorbing medium7, based on the
standard parameters employed for the characterisation of turbid me-
dia, namely, 𝓁𝑠𝑐, and 𝓁𝑡.
As mentioned in the previous chapter for Eq. 1.1, in the limit of
independent scattering, 𝓁𝑠𝑐 is a function of the number particle den-
sity and the scattering cross section of an individual scattering centre.
Taking into account the definition of particle number density and vol-
ume filling fraction, that is,
𝜌 = 𝑁𝑉 ; 𝑓 =
𝑉𝑖𝑛𝑐𝑙
𝑉 , (2.4)
where N refers to the number of inclusions, V to the considered vol-
ume and Vincl to the total volume occupied by the scattering inclu-
sions, which in this case correspond to spheres of radius r, Eq. 1.1
results
𝓁𝑠𝑐 =
4
3𝜋𝑟3
𝑓 ⋅ 𝜎𝑠𝑐
. (2.5)
According toMie theory, 𝜎𝑠𝑐 for a spherical particle is a function of the
radius of the sphere, the complex refractive index of both the particle,
Np, and the surrounding medium, Nm, and the wavelength of the
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impinging light, 𝜆, and it is given by
𝜎𝑠𝑐 =
2𝜋
𝑘2
∞
∑
𝑛=1
(2𝑛 + 1) (𝑎𝑛2 + 𝑏𝑛
2) , (2.6)
where 𝑘 = 2𝜋𝜆𝑛𝑚 refers to the modulus of the wave vector, in which nm
corresponds to the real part of Nm. In this thesis, the model consid-
ered the possibility of a stratified sphere as scattering structure. This
was necessary in order to account for the air shell surrounding the
scattering particle present in some of the modelled materials, as well
as for any possible coating of the particle. In that scenario, the Mie
formalism provides the expression for the coefficients 𝑎𝑛 and 𝑏𝑛 as a
function of the Riccati-Bessel functions. These coefficients were cal-
culated by means of a script8,9 based on the formalism formulated by
Arthur L. Aden and Milton Kerker10. In particular,
𝑎𝑛 =
𝜓𝑛(𝑦)[𝜓′𝑛(𝑚2𝑦)−𝐴𝑛𝜉 ′𝑛(𝑚2𝑦)]−𝑚2𝜓′𝑛(𝑦)[𝜓𝑛(𝑚2𝑦)−𝐴𝑛𝜉𝑛(𝑚2𝑦)]
𝐾𝑛(𝑦)[𝜓′𝑛(𝑚2𝑦)−𝐴𝑛𝜉 ′𝑛(𝑚2𝑦)]−𝑚2𝐾′𝑛(𝑦)[𝜓𝑛(𝑚2𝑦)−𝐴𝑛𝜉𝑛(𝑚2𝑦)]
, (2.7)
𝑏𝑛 =
𝑚2𝜓𝑛(𝑦)[𝜓′𝑛(𝑚2𝑦)−𝐵𝑛𝜉 ′𝑛(𝑚2𝑦)]−𝜓′𝑛(𝑦)[𝜓𝑛(𝑚2𝑦)−𝐵𝑛𝜉𝑛(𝑚2𝑦)]
𝑚2𝐾𝑛(𝑦)[𝜓′𝑛(𝑚2𝑦)−𝐵𝑛𝜉 ′𝑛(𝑚2𝑦)]−𝐾′𝑛(𝑦)[𝜓𝑛(𝑚2𝑦)−𝐵𝑛𝜉𝑛(𝑚2𝑦)]
, (2.8)
being
𝐴𝑛 =
𝑚2𝜓𝑛(𝑚2𝑥)𝜓′𝑛(𝑚1𝑥) − 𝑚1𝜓′𝑛(𝑚2𝑥)𝜓𝑛(𝑚1𝑥)
𝑚2𝜉𝑛(𝑚2𝑥)𝜓′𝑛(𝑚1𝑥) − 𝑚1𝜉 ′𝑛(𝑚2𝑥)𝜓𝑛(𝑚1𝑥)
, (2.9)
𝐵𝑛 =
𝑚2𝜓𝑛(𝑚1𝑥)𝜓′𝑛(𝑚2𝑥) − 𝑚1𝜓′𝑛(𝑚1𝑥)𝜓𝑛(𝑚2𝑥)
𝑚2𝜉 ′𝑛(𝑚2𝑥)𝜓𝑛(𝑚1𝑥) − 𝑚1𝜉𝑛(𝑚2𝑥)𝜓′𝑛(𝑚1𝑥)
. (2.10)
𝜓𝑛(𝑧), 𝜉𝑛(𝑧) and 𝐾𝑛(𝑧) refer to Riccati-Bessel functions of the form
𝜓𝑛(𝑧) = (
𝜋𝑧
2 )
1/2
𝐽(1)
𝑛+ 12
(𝑧), (2.11)
𝜉𝑛(𝑧) = 𝜓𝑛(𝑧) + 𝑖𝑋𝑛(𝑧), (2.12)
where
𝑋𝑛(𝑧) = −(
𝜋𝑧
2 )
1/2
𝑌(2)
𝑛+ 12
(𝑧), (2.13)
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and
𝐾𝑛(𝑧) = (
𝜋𝑧
2 )
1/2
𝐻(1)
𝑛+ 12
(𝑧), (2.14)
where 𝐽(1)
𝑛+ 12
(𝑧) corresponds to the semi-integer Bessel function of first
kind, 𝑌(2)
𝑛+ 12
(𝑧) to the semi-integer Bessel function of second kind and
𝐻(1)
𝑛+ 12
(𝑧) is the semi-integer Hankel function of first kind. The opti-
cal characteristics of the different considered media play an essential
role on the expressions above. Indeed, being Np and Nc the complex
refractive indices of the scattering particle and the coating material,
respectively, the expressions for coefficients 𝑎𝑛 and 𝑏𝑛 depend on the
refractive indices of the scattering sphere and its coating relative to
the embedding medium, namely, 𝑚1 =
𝑁𝑝
𝑛𝑚 and 𝑚2 =
𝑁𝑐
𝑛𝑚 . Two size pa-
rameters are defined, 𝑥 = 𝑘𝑟𝑝 for the scattering sphere and 𝑦 = 𝑘𝑟𝑐 for
the coating, where rp and rc correspond to the radius of the particle
and the coating thickness, respectively.
Knowing 𝓁𝑠𝑐 allows the determination of 𝓁𝑡 through the angular
distribution of the light scattered by the particle predicted byMie for-
malism, according to Eq. 1.2.
2.3.1.2 Finite-Difference Time-Domain (FDTD) simulations
The calculations of the angular distribution of the scattered light and
scattering efficiency of non-spherical particleswere performed byme-
ans of 3-dimensional Finite-Difference-Time-Domain (FDTD) simu-
lationswith the software ’FDTDSolutions’ fromLumerical Solutions11.
In order to account for shrinkage effects experimentally observed for
the scattering particles, a hollow with the same shape as the con-
sidered particle between the inclusion and the embedding medium
was included in the simulations. Besides, since the calculations were
aimed at justifying the specific shape chosen for the scattering centres
for the particular case of the integration into photoanodes of DSSCs,
this hollowwas considered to be filledwith electrolyte.With these as-
sumptions, the simulated system consisted of a scattering structure
comprising a TiO2 particle surrounded by an electrolyte-filled shell
75
2. Methods
500 600 700
Wavelength / nm
1.6
1.8
2.0
1.4
2.4
n
2.2
800400
Electrolyte
TiO2 (a)
800
Wavelength / nm
500 600 700
0
400
0.01
0.02
0.03
0.04
k
ElectrolyteTiO2
Dye
(b)
Figure 2.19: Optical constants of the materials used in the FDTD sim-
ulations of the light scattered by individual TiO2 particles of diverse
shapes: (a) Real part of the complex refractive index. (b) Imaginary
part of the complex refractive index.
of the same shape embedded in an external absorbing medium con-
stituted by a sensitised mesoporous TiO2 matrix infiltrated with elec-
trolyte. The spectral complex refractive index of the materials consid-
ered in the simulations are displayed in Fig. 2.19.
In order to numerically evaluate the absorption, scattering effi-
ciency and angular distribution of the light scattered by individual
particles, FDTD calculations considering a simulation box size of 1.0×
1.0× 1.0 𝜇m3 and perfectlymatching layer conditions on every bound-
ary were performed. Four particle shapes were simulated, namely,
spheres, cubes, truncated pyramids and distorted cubes. The volume
of the simulated particles corresponds to that of a sphere of radius
r = 150 nm, except for slight volume variations for irregular shapes.
As excitation source, a plane wave of wavelength 𝜆 = 650 nm was
considered. As for the particles presenting irregular shapes, namely,
truncated pyramids and distorted cubes, the resulting distributions
and spectra derived from averaging over several angles and illumina-
tion sides. Themesh gridwas established to 150 nmover the complete
simulation volume, considering a refinement of 4 nm over a 0.72 ×
0.72 × 0.72 𝜇m3 volume spanning over and around the volume occu-
pied by the scattering structure. These parameters provided conver-
gent results for all the considered shapes. The scattered power was
determined through the total-field scattered-field method by placing
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frequency-domain transmission monitors in the region of the scat-
tered field.
2.3.2 Response of a material integrating scattering centres
With the information of the scattering of light triggered by a single
particle, the next step consisted in the simulation of light propaga-
tion in a disordered material including a random distribution of the
previously modelled scattering centres. The first part of the section
describes themathematical formalism required for the determination
of 𝓁𝑠𝑐 and 𝓁𝑡 from experimental magnitudes. The second part provides
the details of a model based on a Monte Carlo approach combined
with Mie theory for the simulation of the photon trajectory through-
out any multilayer system, thus enabling the modelling of light prop-
agation.
2.3.2.1 Scattering and transport mean free path
The spectral 𝓁𝑠𝑐 of each material is determined by fitting measure-
ments of Tb and Rs of the material to Lambert-Beer’s law for the dif-
fuse propagation of light in randommedia in a validwavelength range.
If the material is described as a homogeneous slab of thickness L, the
intensity attenuation of a beam of light impinging on its surface due
to the scattering of light, see Fig. 2.20, is given by
𝐼𝑏(𝑧) = 𝐼0𝑒
− 𝑧/𝓁𝑠𝑐 , (2.15)
z
Iinc
Rs
Tb
Td
L L
Intensity
Figure 2.20: Illustration of the intensity attenuation of a beam through
a slab of thickness L in a turbid medium according to Lamber-Beer’s
law.
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being Ib(z) the intensity of the beam at any point inside the slab along
the direction of incidence, z, and I0 the value of the intensity of the
incoming beam at the entrance plane inside the slab. The presence of
interfaces causes reflection losses at the entrance and end of the slab,
which are accounted for through a decrease in the intensitymeasured
at z = 0 inside the slab and at z = L outside of it, that is, 𝐼0 = 𝐼𝑖𝑛𝑐 − 𝐼𝑅,
where Iinc corresponds to the intensity of the beam impinging on the
slab and IR the value of the total intensity lost due to reflections at
the interfaces. The intensity measured outside of the slab along the
propagation direction of the incident beam is therefore determined
by the expression
𝐼𝑏(𝐿) = (𝐼𝑖𝑛𝑐 − 𝐼𝑅)𝑒
− 𝐿/𝓁𝑠𝑐 , (2.16)
and dividing by Iinc results
𝑇𝑏 = (1 − 𝑅𝑠)𝑒
− 𝐿/𝓁𝑠𝑐 , (2.17)
Finally:
𝑇𝑏
1 − 𝑅𝑠
= 𝑒 − 𝐿/𝓁𝑠𝑐 , (2.18)
where Tb is obtained from themeasurement of the emerging intensity
at any point after the slab along the direction of the incident beam and
Rs includes interference effects due to reflections at the entrance and
exit of the slab. Eq. 2.18 is used in this work for the extraction of the
spectral 𝓁𝑠𝑐 of the different proposed systems from experimental data.
Light transport throughout a turbid media is considered diffu-
sive if verifying the condition 𝜆 ≪ 𝓁𝑡 ≪ 𝐿. In the weak-scattering
limit, where the density of scattering centres is low and/or 𝜎𝑠𝑐 is small
enough to yield 𝑘𝓁𝑠𝑐 ≫ 1, while having enough thickness to achieve
randomisation of the propagated light, its transport can be described
by the diffuse equation,
𝑆( ⃗𝑟, 𝑡) = ( 𝜕𝜕𝑡 − 𝐷 ⋅ ∇
2 + 𝑣𝑒
𝓁𝑖
) 𝐼( ⃗𝑟, 𝑡), (2.19)
where S( ⃗𝑟,t) represents a light source, D is the diffusion coefficient,
ve the energy velocity and 𝓁𝒾 corresponds to the inelastic absorption
length, i.e the average distance into the slab at which the intensity
of the light, I( ⃗𝑟,t), has been attenuated by a factor e. This approxima-
tion is not valid in conditions of localisation, that is, 𝑘𝓁𝑠𝑐 ≃ 1, where
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the scattering is excessively strong and light propagation is seriously
hampered. The stationary solution of themonodimensional diffusion
equation relates the total transmittance through the slab, T(L,𝜆), to
𝓁𝑡(𝜆) and the slab thickness:
𝑇(𝐿, 𝜆) = 1𝛼𝑧𝑒
𝑠𝑖𝑛ℎ[𝛼(𝑧𝑒 + 𝑧𝑝)]𝑠𝑖𝑛ℎ[𝛼𝑧𝑒]
𝑠𝑖𝑛ℎ[𝛼(𝐿 + 2𝑧𝑒)]
(2.20)
Here, 𝛼 corresponds to the reciprocal absorption length and 𝑧𝑒 and
𝑧𝑝 are extrapolation and penetration lengths, respectively, which can
be calculated according to12
𝑧𝑝 = 𝑧𝑒 =
1
2𝛼𝑙𝑛(
1 + 𝛼𝑧0
1 − 𝛼𝑧0
) , (2.21)
and
𝑧0 =
2
3𝓁𝑡 (
1 + 𝑅
1 − 𝑅) , (2.22)
being R the polarisation-averaged Fresnel internal reflectivity at an
imaginary boundary between the disordered medium and the em-
bedding material13. In line with the derivation of Eq. 2.18, Eq. 2.20
can be modified in order to account for reflections at the interfaces of
the material:
𝑇(𝐿, 𝜆)
1 − 𝑅𝑠(𝜆)
= 1𝛼𝑧𝑒
𝑠𝑖𝑛ℎ[𝛼(𝑧𝑒 + 𝑧𝑝)]𝑠𝑖𝑛ℎ[𝛼𝑧𝑒]
𝑠𝑖𝑛ℎ[𝛼(𝐿 + 2𝑧𝑒)]
(2.23)
Equation 2.23 is often referred to as the photonic Ohm’s law. The to-
tal transmittance through the slab is directly proportional to 𝓁𝑡 and
inversely proportional to L, 𝑇(𝐿,𝜆)(1−𝑅𝑠(𝐿)) ∼ 𝓁𝑡(𝜆)/𝐿. The expression in Eq.
2.23 is employed in this thesis for the extraction of the spectral 𝓁𝑡 val-
ues of the material comprising a random distribution of TiO2 spheres
in a mesoporous TiO2 matrix from experiments. Another way to de-
termine 𝓁𝑡 from experimental magnitudes entails measurements of
the enhanced backscattering cone14,15. Whereas a sample presenting
a large thickness is required for determination of 𝓁𝑡 through the latter,
the former relies on the measurement of total transmission of several
samples of different thicknesses. In this work, estimation of 𝓁𝑡 is per-
formed through fitting Eq. 2.23 to experimental data of T(L,𝜆) for
slabs of diverse thicknesses.
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2.3.2.2 Determination of photon trajectory in layered media
An optical model able to predict light propagation is a key tool in
order to perform a full description of the interaction of light with
the optically random materials studied in this thesis, since it enables
designing the optical response of the system, as well as provides a
theoretical support for the empirical observations. For this purpose,
a Monte Carlo approach combined with Mie theory was employed
in order to simulate the trajectory of individual photons propagat-
ing throughout a multilayer system16–19. The model consists in a ray-
tracing method capable of fully accounting for the trajectory of each
photon through anymultilayer structure. It provides full information
on light interaction with the system, specifically, specular and total
reflectance, ballistic and total transmittance, their corresponding dif-
fuse magnitudes, the absorption profile at each of the layers, the an-
gular distribution of light emerging from the system and photon scat-
tering event statistics, allowing an angular representation of the pho-
tons undergoing a specific number of scattering events. The system is
represented as a 3-dimensional multilayer structure comprising any
number of layers, each characterised by their thickness, L𝑖, and the
optical constants of the material constituting it, n𝑗𝑖, Fig. 2.21(a). Addi-
tionally, each layer can include any number of components, such as
a homogenous distribution of a different phase or scattering centres,
for which further input parameters are required.
Figure 2.21: (a) Illustration of a general multilayer structure consid-
ered in the model. (b) Different possible fates for a photon contem-
plated in the model: I. Transmitted photon, II. Reflected photon, III.
Transmitted and scattered photon, IV. Transmitted and absorbed pho-
ton.
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In this description, the incident beam is depicted as a collection
of individual photons. A photon is randomly generated outside the
structure and impinges on the first interface of the system at a given
angle. The distance travelled by the photon before undergoing an scat-
tering or absorption event, 𝓁 , is given by
𝓁 = −𝑙𝑛[𝑟]/𝛼𝑒𝑥𝑡, (2.24)
being r a randomly generated number in the range 0 < r ≤ 1 and 𝛼𝑒𝑥𝑡
an extinction coefficient accounting for different phenomena depend-
ing on the components included in that layer. Extinction is herein re-
garded as any phenomenon substracting photons from the incident
beam, such as absorption or scattering, thus resulting
𝛼𝑒𝑥𝑡 = 𝛼𝐴 + 𝛼𝑠𝑐, (2.25)
where 𝛼𝐴 and 𝛼𝑠𝑐 refer to the absorption and scattering coefficient, re-
spectively. The scattering coefficient is given by 𝛼𝑠𝑐 = 𝜌𝜎𝑠𝑐, being 𝜌
the number density of the scattering inclusions and 𝜎𝑠𝑐 their scatter-
ing cross section, according to theMie formalism. If 𝓁 >Li, the photon
reaches the following interface without deviation from the trajectory
of the incident beam. At this point, there is a certain likelihood that
the photon results either transmitted or back reflected, Fig. 2.21(b) I
and II, respectively, as defined by the Fresnel coefficients. If the pho-
ton is transmitted, the process is repeated at the next layer. In the case
the photon undergoes an absorption or scattering event, then 𝓁 < Li.
Here, a new random number r’ is generated and a casuistry for the
fate of the photon depending on its value unfolds. Specifically, if r’ ≤
𝛼𝑠𝑐/𝛼𝑒𝑥𝑡, the photon is scattered, Fig. 2.21(b) III, while r’ ≥ 𝛼𝑠𝑐/𝛼𝑒𝑥𝑡 re-
sults in a photon absorbed at the layer, Fig. 2.21(b) IV. This latter con-
dition can be expanded for a layer comprising more than one single
component in order to account for the relative contribution of each of
the components to the absorption at the layer. In the case of scattering
of the photon, the newpropagation direction, (𝜙, 𝜃), is determined by
the angular distribution of the light scattered by a particle yielded by
Mie theory. The absorption by the external medium is includedwhen
evaluating this. The process is extrapolated to a larger number of pho-
tons and their trajectories are traced. Collection of the photons emerg-
ing from the structure at the incoming and outgoingmedia enables re-
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Figure 2.22: Angular distribution of the light scattered by a disor-
dered system simulated according to the depicted model. The condi-
tions of the material correspond to a 7-𝜇m thick mesoporous anatase
slab integrating nanocrystalline TiO2 spheres of size r = 225 nm in a
12% concentration at 𝜆 = 600 nm.
trieving information on the reflectance and transmittance, while dis-
tinguishing between diffuse light and Tb or Rs through the photon
exit angle. In a similar way, the model provides information on the
spatial absorption of photons at each layer, therefore enabling the gen-
eration of spatial absorption profiles by each component comprising
the layers. Besides, information regarding the direction of each emerg-
ing photon in both the incoming and outgoing medium enables the
determination of the pattern of angular distribution of the scattered
light, which illustrates the number of photons exiting the system at
every angle. An example is presented in Fig.2.22, where 0𝑜 and 180𝑜
refer, respectively, to Tb and Rs.
2.3.3 DSSC modelling
The numerical simulation method depicted above in Sec. 2.3.2.2 was
applied to a DSSC. Considering the cell as a multilayer system, the
model enabled extraction of magnitudes relevant for the characteri-
sation of the operation of the device, as well as allowing comparison
with the empirical values. At this point, it is convenient to define the
principal magnitudes involved in the optoelectrical characterisation
of a photovoltaic device.
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2.3.3.1 Key performance parameters of DSSCs
The optoelectrical characterisation of a solar cell is an essential step in
order to assess the operation of a device, since it enables determina-
tion of its performance and other magnitudes directly affected by the
implementation of any approach oriented towards a more efficient
operation. Generally, the electrical characterisation of solar cells con-
sists in the determination of the spectral Incident Photon-to-Current
Efficiency, 𝜂𝐼𝑃𝐶𝐸(𝜆), and the extraction of the photocurrent-voltage
curve.
Incident Photon-to-Current Efficiency: The Photon-to-Current Ef-
ficiency (𝜂𝐼𝑃𝐶𝐸(𝜆)) quantifies the number of photons responsible for
the generation of electrons eventually contributing to the photocur-
rent in relation to the amount of incident photons at eachwavelength,
also designated as External Quantum Efficiency, EQE. An 𝜂𝐼𝑃𝐶𝐸(𝜆)
spectrum yielded by a DSSC is displayed in Fig. 2.23(a). 𝜂𝐼𝑃𝐶𝐸(𝜆) is
a function of the wavelength and it can be expressed as a product of
efficiencies related to different processes occurring in the cell:
𝜂𝐼𝑃𝐶𝐸(𝜆) = 𝜂𝐿𝐻(𝜆)𝜂𝐶𝑂𝐿(𝜆)𝜂𝐼𝑁𝐽(𝜆)𝜂𝑅𝐸𝐺(𝜆), (2.26)
where 𝜂𝐿𝐻(𝜆) refers to the light-harvesting efficiency, which quan-
tifies the absorptance at the active layer by the dye, 𝜂𝐶𝑂𝐿(𝜆) is the
efficiency of the collection of chargers by the contacts of the device,
𝜂𝐼𝑁𝐽(𝜆) corresponds to the efficiency of the process of electron injec-
tion from the excited dyemolecules to the TiO2 matrix and 𝜂𝑅𝐸𝐺(𝜆) is
the regeneration rate of the dye molecules by the electrolyte soaking
the system. As evidenced by Eq. 2.26, the value of 𝜂𝐼𝑃𝐶𝐸(𝜆) depends
on optical and electrical processes of the device and it is directly re-
lated to the device output performance.
J-V characteristics: The usualmethod for the characterisation of the
performance of a PVdevice consists in the determination of the photo-
current-voltage, I-V, characteristics, or current density-voltage, J-V, cha-
racteristics, when evaluated per unit area. A current-voltage curve re-
lates the photocurrent generated by a solar cell under illumination to
the potential difference across its terminals. The importance of this
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Figure 2.23: (a) Spectral 𝜂𝐼𝑃𝐶𝐸 curve of a DSSC. (b) Typical J-V charac-
teristics of a DSSC along with the photovoltaic parameters extracted
from it.
method resides in the fact that it provides electrical parameters en-
abling the determination of the efficiency of the device. Figure 2.23(b)
displays a typical J-V characteristics. In effect, the power conversion
efficiency, PCE, of a solar cell, i.e. the fraction of incident power effec-
tively converted into usable electricity, is defined according to
𝑃𝐶𝐸 = 𝑃𝑚𝑎𝑥𝑃𝑖𝑛
= 𝐽𝑠𝑐 ⋅ 𝑉𝑜𝑐 ⋅ 𝐹𝐹𝑃𝑖𝑛
, (2.27)
where Pmax refers to the maximum power extracted from the device
and Pin to the incident sunlight power. The short-circuit current den-
sity, Jsc, defines the value of the current density under short circuit
conditions, i.e. at zero voltage and it is related to optical and electrical
processes in the cell. The open-circuit voltage, Voc, refers to the volt-
age value measured between the contacts of the cell when not con-
nected to any load and it is ideally defined by the difference between
the Quasi-Fermi level of TiO2 under illumination and the potential
energy of the redox-couple. Eventually, the fill factor, FF, measures
the degree of similarity of the cell characteristics to that of a perfect
diode and it is affected by resistances in the device. The fill factor is
related to Jsc and Voc through
𝐹𝐹 = 𝑃𝑚𝑎𝑥𝐽𝑠𝑐 ⋅ 𝑉𝑜𝑐
. (2.28)
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Jsc is in fact related to 𝜂𝐼𝑃𝐶𝐸(𝜆) through the expression
𝐽𝑠𝑐 = 𝑞∫
𝜆2
𝜆1
𝜂𝐼𝑃𝐶𝐸(𝜆)𝛷(𝜆)𝑑𝜆, (2.29)
being q the electron charge and 𝛷(𝜆) the spectral incident photon
flux, evaluated from the AM1.5G solar spectral irradiance.
2.3.3.2 Modelling of an ideal DSSC. Schockley-Queisser limit and
determination of maximum short-circuit current density
The maximum attainable efficiency of a solar cell is limited by differ-
ent loss processes occurring in the cell. In that regard, the Shockley-
Queisser limit20 provides the maximum theoretically achievable effi-
ciency for a single-junction solar cell. Shockley and Queisser estab-
lished this maximum efficiency as a function of the energy bandgap
(Eg) of the active material and found a maximum efficiency of about
30% for silicon, Eg = 1.1 eV, under standard AM1.5G solar irradiation
conditions. In the particular case of a DSSC, losses causing a decrease
of the cell performance can originate from different processes:
• Spontaneous emission, which is governed by blackbody radi-
ation.
• Unabsorbed photons. Photons with energies below Eg are not
absorbed by the activematerial. In a DSSC, for which the com-
mon dyes absorb up to 750-800 nm, i.e Eg ≈ 1.5 eV, only UV
and visible light can contribute to the generation of photocar-
riers.
• Thermal relaxation to the conduction band edge of electrons
injected from the dye into the semiconductor.
• Recombination of electrons in the TiO2 matrix with holes in
the electrolyte and dye.
Among these processes, blackbody radiation cannot be avoided.
Assuming zero losses originating from the remaining processes, the
current density generated by the device can be expressed as
𝐽(𝐸𝑔, 𝑉, 𝑇) = 𝐽𝑝ℎ(𝐸𝑔) − 𝐽𝑟(𝐸𝑔, 𝑉, 𝑇), (2.30)
85
2. Methods
where V refers to the photo-generated voltage across the device, T is
the temperature, Jph(Eg) is the photocurrent density, given by
𝐽𝑝ℎ(𝐸𝑔) = 𝑞∫
∞
𝐸𝑔
𝛷(𝐸)𝑑𝐸, (2.31)
being q the electron charge, E the energy, 𝛷(𝐸) the spectral incident
photon flux and Jr(Eg,V,T) corresponds to the current density due to
radiative recombination
𝐽𝑟(𝐸𝑔, 𝑉, 𝑇) = 𝑞𝑎∫
∞
𝐸𝑔
𝐸2
𝑒
𝐸−𝑉
𝑘𝑇 − 1
𝑑𝐸, (2.32)
where k is Boltzmann’s constant and 𝑎 = 2𝜋𝑞
3
𝑐2ℎ3 , being c the speed of
light and h Planck’s constant. Figure 2.24 displays the curve of maxi-
mum attainable PCE by a solar cell depending on the bandgap of the
absorber according to Shockley-Queisser equation.
In any single-junction device, there is an inevitable net loss caus-
ing deviation of the PCE of the cell from the maximum theoretical
value predicted by Shockley-Queisser theory. This loss is represented
as a potential defined by 𝐸𝑔𝑞 −𝑉𝑜𝑐. Whereas a 28.1%-efficient GaAs cell
presents a loss potential around 300 mV21, the relatively large poten-
tials required for the processes of electron injection and dye regen-
eration in DSSCs are expected to result in a loss potential above 700
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E / eVg
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Figure 2.24: Maximum attainable PCE by a single-junction solar de-
vice in relation to the bandgap of the absorber according to Shockley-
Queisser equation. The PCE values corresponding to absorbers em-
ployed in different PV technologies have been indicated with orange
dots.
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mV for Ru-complex-based devices22, for which a maximum VSQoc ≈
1 V is predicted considering a bandgap of Eg = 1.5 eV, according to
Shockley-Queisser calculations23. As a consequence, the efficiency of
a DSSC with these features is limited to a maximum PCE of 13.4%24,
far from the PCE≈ 32% expected by Shockley-Queisser theory.While
other PV technologies, such as thin-film GaAs- or monocrystalline Si-
based devices, for which PCE values as high as 28% and 25%, respec-
tively, have been attained as compared to the maximum ≈ 32% de-
rived from Shockley-Queisser calculations23, DSSCs still have enough
room for improvement. This is the reason why the DSSC is regarded
as an emerging technology and further advances are expected to cause
a rise in their efficiency around 20%24. With that purpose, the strate-
gies employed should focus on extending light-harvesting into the
NIR and increasing Voc through reduction of the redox-potential of
the electrolyte.
The determination of the electrical parameters of a cell rendering
optimal performance through simulation of a lossless device is inter-
esting in order to assess the degree of influence of the processes limit-
ing its real PCE. In that regard, themodel allows the estimation of the
maximum possible Jsc values yielded by the device when illuminated
from either the front or the rear side. These resulted from assuming
no losses for the processes involved in the generation of the photocur-
rent, that is, 𝜂𝐼𝑃𝐶𝐸(𝜆) = 𝜂𝐿𝐻(𝜆), according to Eq. 2.26. The collection,
injection and regeneration efficiencies are considered to be 100% and
the calculation of Jsc, see Eq. 2.29, solely depends on the productive ab-
sorption at the electrode. In this ideal picture, each photon absorbed
by the dye contributes to the photocurrent, thus rendering the maxi-
mum possible values for Jsc.
2.3.3.3 Electron-generation function and light-harvesting efficiency
Herein, details on themodelling of the principalmagnitudes defining
the performance of a DSSC are provided.
Electron-generation function (g(z,𝜆)): In the electrode of a DSSC,
a photon is absorbed by a dye molecule, creating a hole-electron pair,
which is required for the subsequent generation of a photocurrent.
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Figure 2.25: Optical constants of the materials provided as input data
for the simulation of DSSC devices: (a) Real part of the complex re-
fractive index. (b) Imaginary part of the complex refractive index.
Information regarding the spatial absorption of light along the elec-
trode is given by the electron generation function, g(z,𝜆), being z the
position inside the electrode, defined along the direction of propaga-
tion of the incident light, which can present values along the whole
electrode thickness. For a non-scattering film,
𝑔(𝑧, 𝜆) = 𝛼𝐴𝑒−𝛼𝐴𝑧, (2.33)
where 𝛼𝐴 is the absorption coefficient, which corresponds to the Lam-
bert-Beer law for an absorbing film (as defined in Sec. 2.3.2.1). How-
ever, light scattering affects the absorption of photons along the sen-
sitised film and, consequently, g(z,𝜆). The electron-generation func-
tion is calculated by means of the model presented in Sec. 2.3.2.2,
which can account for the photons absorbed throughout the system
and thus provide the absorption profile along each of its layers. The
cell wasmodelled as a 3-dimensionalmultilayer structure comprising
a semi-infinite glass substrate coated with a 575-nm thick FTO layer,
an 8-𝜇m thick photoanode, a 30-𝜇m thick electrolyte layer, and a 575-
nmPt/FTOfilm coated on a semi-infinite glass substrate. The spectral
complex refractive indices of these materials, displayed in Fig. 2.25,
were provided as input data for the calculations. In the simulations,
the trajectory of 107 photons per wavelength was determined.
Light-harvesting efficiency calculation (𝜂𝐿𝐻(𝜆)): Integration of
g(z,𝜆) along the thickness of the electrode provides 𝜂𝐿𝐻(𝜆). Since the
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numerical approach depicted in Sec. 2.3.2.2 allows the calculation of
the absorption profile by each material at any layer of the structure, it
is therefore possible to distinguish between productive and parasitic
absorptance, that is, between light absorbed, respectively, by the dye
molecules and light absorbed by any other material in the cell, such
as the FTO film, the catalytic Pt or the electrolyte, thus allowing an
estimation of 𝜂𝐿𝐻(𝜆).
Incident-Current-to-Photon Efficiency (𝜂𝐼𝑃𝐶𝐸(𝜆)): Eq. 2.26 indica-
tes that 𝜂𝐼𝑃𝐶𝐸(𝜆) can be expressed as a product of efficiencies of dif-
ferent processes involved in the generation of the photocurrent from
the absorption of photons. For the calculation of 𝜂𝐼𝑃𝐶𝐸(𝜆), 𝜂𝐼𝑁𝐽(𝜆) =
𝜂𝑅𝐸𝐺(𝜆) = 1 was assumed, that is, lossless electron injection and dye
regeneration processes, thus 𝜂𝐼𝑃𝐶𝐸(𝜆) = 𝜂𝐿𝐻(𝜆)⋅𝜂𝐶𝑂𝐿(𝜆). The integra-
tion of optical disorder mainly modifies the absorption of light along
the electrode and thus 𝜂𝐿𝐻)(𝜆). However, due to the dependence of
𝜂𝐶𝑂𝐿(𝜆) on g(z,𝜆), the former is expected to be affected as well. For
the calculation of 𝜂𝐼𝑃𝐶𝐸(𝜆), 𝜂𝐶𝑂𝐿(𝜆)was computed according to
𝜂𝐶𝑂𝐿(𝜆) =
∫𝐿0 𝑔(𝑧, 𝜆) ⋅
𝑐𝑜𝑠ℎ( 𝐿−𝑧𝐿𝑒 )
𝑐𝑜𝑠ℎ( 𝐿𝐿𝑒 )
𝑑𝑧
∫𝐿0 𝑔(𝑧, 𝜆)𝑑𝑧
, (2.34)
where L refers to the thickness of the photoanode and Le corresponds
to an ’effective’ electron diffusion length, which accounts for the av-
erage distance covered by an electron before undergoing recombina-
tion.
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3 Mie glasses: fabrication and characterisation
3.1 Introduction
Liquid media comprising a suspension of spherical particles have
drawn special attention due to their interesting optical properties. As
long as the concentration of the scattering centres is kept low enough
so as to allowneglecting correlation effects, the scattering phenomena
and optical properties of these suspensions are well described byMie
theory, that is, taking into account single-particle considerations1,2.
Such liquid suspensions are especially advantageous for several rea-
sons. In the first place, their generally low refractive index promotes a
high dielectric constant contrast between the dispersed phase and the
liquid medium, ensuring considerable scattering strength. Further-
more, they accept chromophores, so that light scattering triggered by
the presence of particles can result in an enhancement of their absorp-
tion, thus also emission, intensity. These features were exploited in
the decade of 1990, which led to the development of random lasers3.
In the case of solids, however, pre-designing the optical response
of the disordered medium by means of analytical models has exclu-
sively met with success for photonic glasses, which consist in disor-
dered packings of identical unit blocks4–6. As for the remainder, the
spectral properties of solid randommedia generally remain unknown
prior to fabrication. Attempts to design the scattering properties of
diffusive media for subsequent fabrication have been recently made,
such as the case of V. Y. F. Leung et al.7, who analysed light transport
in YAG:Ce plates, the most commonly employed material for colour
conversion in LEDs, which are known to present significant light scat-
tering.
This chapter introduces a procedure for the fabrication in an un-
complicated and cost-effective manner of films of materials of an op-
tically random medium in a novel configuration, which can be re-
garded as a solid version of a liquid dilute suspension of spheres.
Such configuration features the advantage of enabling a design of
its scattering response prior to fabrication according to Mie formal-
ism and was accordingly coinedMie glass. In the first place, different
combinations of materials in a Mie glass configuration are tested in
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order to assess their performance as highly scattering media. The re-
sults of these calculations enable choosing the most suitable combi-
nations for intense scattering strength, thus defining the materials to
be developed and analysed throughout this thesis. After that, the fab-
rication procedure of each material is depicted, along with a integral
characterisation of their optical response, including that of the base
transparent matrix when required.
3.2 Analytical study for different material combina-
tions
The presence of disorder in a non-absorbingmedium typically causes
successive elastic scattering of the light, therefore producing diffuse
propagation of the waves. In this thesis, maximisation of the diffu-
sion strength in a controlled manner was sought for, due to its poten-
tial regarding the fabrication of optoelectronic deviceswith enhanced
properties.
𝓁𝑠𝑐 and 𝓁𝑡 serve as a measure of the diffusion ability of a slab of a
randommaterial in relation to its thickness. As previouslymentioned,
in the approximation of independent scattering, Sec. 1.1 in Ch. 1, 𝓁𝑠𝑐
exclusively depends on 𝜎𝑠𝑐 of an individual inclusion embedded in a
support material (a porous transparent matrix in this case) and the
volume concentration of particles, 𝜌, embedded in it:
𝓁𝑠𝑐 =
1
𝜌 ⋅ 𝜎𝑠𝑐
. (3.1)
At the same time, and as described by Eq. 2.6, 𝜎𝑠𝑐 is a function of the
size of the inclusions, their refractive index, that of the surrounding
medium and, more specifically, their constrast, as well as of the wave-
length of the incident light.
The work presented in this thesis proposes the fabrication of solid
films of controlled thickness integrating optical disorder in a control-
led manner named Mie glasses. Specifically, the proposed configura-
tion consists in porous films displaying transparency in the visible
range of the spectrum, such as TiO2 or SiO2, including a random dis-
tribution ofmonodisperse TiO2 spheres of size around a fewhundred
nanometres, that is, of the order of the wavelength of visible light, as
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Transparent matrix
Scattering centres
Figure 3.1: Illustration of the structure proposed for the optically ran-
dom media studied in this thesis.
illustrated in Fig. 3.1. In the first place, identical scattering by each
inclusion is ensured due to the monodispersity in size of the inclu-
sions, as well as their well-defined shape. Indeed, the disorder can
be easily tuned through the size and volume filling fraction of parti-
cles dispersed in the matrix, which enables control over the photonic
strength of the resulting film. A spherical shape was preferred for the
inclusions, since Mie formalism provides an analytical expression for
𝜎𝑠𝑐, which is essential for the calculation of the optical response of
the material. Moreover, a spherical shape can be easily synthesised
through standard experimental procedures. However, it is important
to highlight that any other shape would have been equally valid for
the intended study, as long as the shapewould remain identical for all
inclusions. In this case, the determination of 𝜎𝑠𝑐would require numer-
ical computational methods, such as Finite-difference time-domain
(FDTD) calculations. In the limit of high dillution, correlation terms
among inclusions regarding scattering can be neglected and the scat-
tering of light in the material can be described taking into account
exclusively single-particle considerations. In fact, for high inclusion
density values Eq. 3.1 is not valid, and dependent scattering causes
an increase of 𝓁𝑠𝑐8, that is, a reduction of the diffusion strength. A
size of the inclusions comparable to the wavelength of the incident
light ensures scattering in the Mie scattering range, where 𝜎𝑠𝑐 is max-
imal. This in combination with sufficient refractive index contrast be-
tween them and the surrounding medium allows minimisation of
𝓁𝑠𝑐 for high scattering strength. Furthermore, porosity is imposed in
the transparent matrices, which not only helps reducing their refrac-
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tive index to increase the contrast with the scattering centres, but
also provides them with versatility, since they would accept infiltra-
tionwith fluorophores, chromophores or polymers that could endow
themwith further funcionality. A noteworthy advantage of the disor-
dered materials herein proposed is that their fabrication process de-
pends to a great extent on solution-processing methods, which are
known to be cost-effective and easily implemented.
Based on the premise that light propagation in the media herein
studied could be properly described by Mie formalism, it was em-
ployed in order to explore the scattering properties of different com-
bination of materials in the configuration of interest. With this pur-
pose, a series of different available materials susceptible to be syn-
thesised as a colloid in the shape of spherical particles, such as tita-
nium dioxide (TiO2), silicon dioxide (SiO2) or void scatterers result-
ing from the etching of organic spheres embedded in an inorganicma-
trix, were considered. As for the matrices, only low density media for
which a wide number of synthetic routes had been developed, such
as mesostructured TiO2 and SiO2, were taken into account. The value
of 𝜎𝑠𝑐 of the scattering inclusions, necessary for the calculation of 𝓁𝑠𝑐,
were semianalitically obtained through Mie theory. A 50% porosity
was assumed for the matrices in the calculations. Figure 3.2 displays
the spectral optical constants of the different materials employed in
these simulations. Figure 3.3(a) and (b) compare 𝜎𝑠𝑐 and 𝓁𝑠𝑐 values in
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Figure 3.2: Optical constants of the materials considered in the simu-
lations. (a) Real part of the complex refractive index. (b) Imaginary
part of the complex refractive index.
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relation to the size of the spherical inclusions for a transparent porous
TiO2matrix integrating crystalline TiO2 spheres. In these calculations,
an air void of thickness th = 0.43r, where r is the radius of the spher-
ical inclusions, surrounding the TiO2 spheres was considered due to
experimental observations, as previously addressed in Sec. 2.1.3.1 of
Ch. 2. While bigger scattering structures are responsible for a higher
scattering strength for a fixed wavelength, as expected, a similar ef-
fect originates from increasing the filling fraction value, which yields
a gradual decrease of 𝓁𝑠𝑐, according toMie formalism. The same calcu-
lations were performed when considering a SiO2 matrix, Fig. 3.3 (c)
and (d). Although this system did not wholly represent the material
depicted below in Sec. 3.4.2 due to a 50% porosity considered herein
against the nearly 90% obtained from CVD fabrication, a higher scat-
tering strength, thus, shorter 𝓁𝑠𝑐 values, could be expected for a higher
amount of porosity of the SiO2 matrix when integrating TiO2 inclu-
sions due to a reduction of its refractive index. A standard 50% poros-
ity was established in this study for the sake of comparison. Figure
3.3(e) and (f) display the results of the calculations when exchanging
the materials of the matrix and that of the scattering centres, which
revealed a weakly scattering material. Eventually, Fig. 3.3(g) and (h)
display the diffusive behaviour of a mesoporous TiO2 matrix includ-
ing spherical air voids. All things considered, within the experimen-
tal possibilities and bearing in mind the goal of maximising the scat-
tering strength, i.e.minimising 𝓁𝑠𝑐, the most interesting media to anal-
yse corresponded to a mesoporous TiO2 matrix integrating TiO2 scat-
tering centres and a SiO2 matrix including TiO2 spheres. This elec-
tion was also convenient in terms of subsequent applications and in-
tegration into optoelectronic devices. For instance, the matrix of the
former case is used as photoanode in DSSCs and, when sensitised
with an emitting molecule, it can performwell as a colour-converting
material. Along the lines of light emission, the TiO2 matrix can also
be replaced by a luminescent material of similar refractive index and
thus be used as a conversion layer presenting the feature of enhanced
light extraction due to the presence of scattering centres,whichwould
result beneficial for integration into LEDs. Finally, using a matrix of
low refractive index, such as porous SiO2, would be advantageous in
order to boost the diffusive properties of the material when integrat-
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Figure 3.3: (a), (c), (e) and (g) Wavelength-dependent scattering
cross section and (b), (d), (f) and (h) spectral 𝓁𝑠𝑐 values at 𝜆= 530 nm
in relation to the scattering centre size for a system comprising ameso-
porous TiO2matrix including crystalline TiO2 spheres surrounded by
an air shell as scattering centres, a system comprising a mesoporous
SiO2 matrix including TiO2 spheres as scattering centres, a system
comprising amesoporous TiO2 matrix including SiO2 spheres as scat-
tering centres and a system comprising a mesoporous TiO2 matrix in-
cluding spherical air voids as scattering centres, respectively, in a f =
5% (blue), f = 10% (dark red) and f = 15% (orange) concentration.
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ing high refractive index particles, thus ensuring intense scattering
strength, as desired.
3.3 TiO2 scattering centres in a TiO2 matrix
A mesoporous TiO2 matrix embedding TiO2 scattering spheres was
the first studied case of a Mie glass. This section presents an integral
optical characterisation of this material. In the first place, the optical
response of the material is analysed as a function of the conditions
of the disorder included and the possibility of describing light prop-
agation according to Mie formalism is assessed in light of the experi-
mental results. After that, a study of the effects of the finite size of a
slab of this material on the eventual optical response based on a com-
bination of experiments and calculations is performed. As a part of
this study, photon statistics are analysed in terms of the number of
scattering events undergone by the photons. Eventually, the material
is sensitised with an absorbing dye and the effect of the inclusion of
optical disorder on light absorption by this dye is assessed.
3.3.1 Material fabrication for the experimental study
In light of the results of the calculations,Mie glasses presenting differ-
ent diffusion strength values were prepared. Specifically, two sizes,
r = (95 ± 20) nm and r = (225 ± 20) nm, and three filling fraction
values, f = 5%, f = 10% and f = 15%, were considered for the in-
clusions. The materials were fabricated from a viscous paste contain-
ing the TiO2 nanoparticles for the mesoporous matrix, mixed with
larger TiO2 spheres as scattering centres. Films were deposited via
screen printing, followed by a process of thermal annealing in order
to achieve mechanical stability of the film. The different preparation
procedures were thoroughly described in Ch. 2. The structure of the
resulting material is shown in Fig. 3.4. For this analysis, films of thick-
ness ranging from 2 𝜇m to 12 𝜇mwere prepared. Values of film thick-
ness were determined from averaging over those obtained from sev-
eral SEM images in different areas along the same film.
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(b)
Figure 3.4: (a) FIB-SEM image of a cross section of the system com-
prising a mesoporous anatase matrix integrating scattering centres
consisting in crystalline TiO2 spheres surrounded by an air shell. (b)
Detail of the scattering centre structure.
3.3.2 Analysis of the optical response
This section focuses on performing an integral optical response of the
prepared materials and the analysis of the corresponding results.
3.3.2.1 Characterisation of optical disorder
By employing the formalism depicted in Sec. 2.3 of theMethods chap-
ter, assessment of the performance of this optically disorderedmedium
as a light diffuser from experimental measurementsit was possible. A
spectroscopic analysis of the reflected and transmitted light by aMie
glass, Fig. 3.5(a), enabled determination of 𝓁𝑠𝑐 and 𝓁𝑡. Figure 3.5(b) re-
veals the variations in the diffusive character of the material for dif-
ferent conditions of the inclusions, illustrated by their transparency,
defined by
𝛴 = ∫
𝜆2
𝜆1
𝑇𝑏(𝜆)𝑑𝜆. (3.2)
Here, 𝜆1 and 𝜆2 define the integration range, which, in this study cor-
responds to 400 - 2000nm.Notice that𝛴=1 corresponds to a situation
where no film is present, only air. The following conclusions can be
extracted from the data displayed in Fig. 3.5(b):
• Thicker films yield lower transparency, i.e. higher opacity.
• Considering the same volume filling fraction, the material be-
comes more diffusive for an increase of the size of the inclu-
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Figure 3.5: (a) Illustration of light propagation throughout the de-
picted Mie glass. (b) Transparency yielded by films of the different
studied materials in relation to their thickness. The considered condi-
tions are r = (95± 20) nm - f = 5% (blue), r = (225± 20) nm - f = 5%
(dark red), r = (225 ± 20) nm - f = 10% (green) and r = (225 ± 20)
nm - f = 15% (orange). The diameter of the data circles indicates the
averaged thickness uncertainty for each condition of the scattering
inclusions.
sions, since bigger spheres yield larger 𝜎𝑠𝑐 values, as previ-
ously observed. This results in shorter 𝓁𝑠𝑐.
• For a fixed size of the inclusions, increasing the filling fraction
also results in a more diffusive medium.
For the determination of 𝓁𝑠𝑐 and 𝓁𝑡 from experimental measure-
ments, films of various thicknesses were required. According to the
formalism depicted in theMethods chapter, Sec. 2.3.2.1, an estimation
of 𝓁𝑠𝑐 was possible by analysing the relationship between the mea-
sured Tb emerging from the film and its thickness. Data correspond-
ing to Tb and Rs of the films for different conditions of the inclusions
are provided in Fig. 3.6. Figure 3.7 shows the thickness dependence
of 𝑙𝑛( 𝑇𝑏1−𝑅𝑠 ) resulting from the measurements in Fig. 3.6 at 𝜆= 800 nm
and 𝜆 = 500 nm. A linear depencence was revealed for the set of data
displayed in Fig. 3.7(a). Let us point out that Eq. 2.18 failed to describe
light propagation in certain wavelength ranges due to the predomi-
nance of other scattering processes blurring the expected behaviour.
In that case, Eq. 2.18 does not hold and dependence between 𝑙𝑛( 𝑇𝑏1−𝑅𝑠 )
103
3.Mie glasses: fabrication and characterisation
0
0.2
0.4
0.6
0.8
1.0
(a)
T
b
0
0.02
0.04
0.06
0.08
0.10
(b)
R
s
0
0.2
0.4
0.6
0.8
1.0
(c)
T
b
0
0.02
0.04
0.06
0.08
0.10
(d)
R
s
0
0.2
0.4
0.6
0.8
1.0
(e)
T
b
0
0.02
0.04
0.06
0.08
0.10
(f)
R
s
0
0.2
0.4
0.6
0.8
1.0
(g)
T
b
400 800 1200 1600 2000
Wavelength / nm
0
0.02
0.04
0.06
0.08
0.10
(h)
R
s
400 800 1200 1600 2000
Wavelength / nm
Figure 3.6: Spectral Tb and Rs measurements for films of diverse thick-
nesses integrating scattering centres in different conditions. (a) Tb
and (b) Rs curves for r = (95 ± 20) nm - f = 5% films, (c) Tb and (d)
Rs curves for r = (225± 20) nm - f = 5% films, (e) Tb and (f) Rs curves
for r = (225 ± 20) nm - f = 10% films and (g) Tb and (h) Rs curves
for r = (225 ± 20) nm - f = 15% films.
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Figure 3.7: Values of ln( 𝑇𝑏1−𝑅𝑠 ) in relation to slab thickness and their
corresponding lineal fittings, when possible, for the Mie glass under
consideration including scattering centres with the conditions r = (95
± 20) nm - f = 5% (blue dots), r = (225 ± 20) nm - f = 5% (red dots),
r = (225 ± 20) nm - f = 10% (orange dots) and r = (225 ± 20) nm - f
= 15% (green dots) at (a) 𝜆 = 800 nm and (b) 𝜆 = 500 nm.
and slab thickness is not linear for every wavelength, as illustrated
in Fig. 3.7(b). Here, whereas a linear behaviour was revealed for the
cases r = (95 ± 20) nm - f = 5% and r = (225 ± 20) nm - f = 5%, it
was no longer possible to obtain a reasonable fitting assuming a linear
dependence for the rest of conditions. In order to standardise the pro-
cedure, only linear fits yielding a correlation coefficient verifying r2 >
0.95were considered. Else, extraction of a faithful value of 𝓁𝑠𝑐 from the
experimental datawas not possible. The slope of the linear fit allowed
extraction of 𝓁𝑠𝑐 at the considered wavelength, Fig. 3.8(a). As the size
or the concentration of the inclusions increased, so did the slope of
the resulting linear fit, which was translated into shorter 𝓁𝑠𝑐 values,
in accordance with the theoretical predictions, Fig. 3.8(b). The fair
agreement between the curves obtained from the experiments and
those resulting from the calculations provided evidence so as to as-
sert that the behaviour of light in this material can be described to
a good extent by means of Mie theory, i.e. assuming single-particle
considerations for the scattering of the light, hence corroborating its
behaviour as aMie glass. The possible reasons for the deviation from
a linear dependence depicted in Fig. 3.7(b) hindering the determina-
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tion of a reliable value of 𝓁𝑠𝑐 can be classified according to the wave-
length range of the deviation:
• Range of long wavelength values: The expected 𝓁𝑠𝑐 values sig-
nificantly exceeded the maximum thickness of the films.
• Range of short wavelength values: Due to the wavelength of
the light in comparison with the size of the inclusions and
theirmean separationdistance, scattering correlations between
them can become relevant enough, so that the single-particle
approximation would no longer be accurate at describing the
diffusive behaviour of the material.
The angular distribution of the scattered light plays a crucial role
on the randomisation of light propagation. In order to gain a better
insight into this feature, 𝓁𝑡 was studied. Measurements of T, and Rs
allowed the determination of 𝓁𝑡, according to the photonic Ohm’s law,
Eq. 2.23. In this expression, zp and ze depend on the polarisation-
averaged Fresnel reflectivity, R, see Eq. 2.21 and 2.22, calculated at an
imaginary boundary between the disordered medium and the em-
bedding material, which for a mesoporous TiO2 matrix integrating
spherical TiO2 scattering centres yielded R = 0.07 for f = 5%, R = 0.16
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Figure 3.8: Spectral 𝓁𝑠𝑐 curves obtained for theMie glass under consid-
eration from (a) experimental data and (b) according to Mie formal-
ism. The considered conditions correspond to r = (95 ± 20) nm - f =
5% (blue), r = (225 ± 20) nm - f = 5% (red), r = (225 ± 20) nm - f =
10% (orange) and r = (225 ± 20) nm - f = 15% (green).
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Figure 3.9: Values of 𝑇1−𝑅𝑠 in relation to the slab thickness and their
corresponding fittings employing Eq. 2.23 for theMie glass under con-
sideration including scattering centres with the conditions r = (95 ±
20) nm - f = 5% (blue dots), r = (225 ± 20) nm - f = 5% (red dots), r
= (225 ± 20) nm - f = 10% (orange dots) and r = (225 ± 20) nm - f =
15% (green dots) at 𝜆 = 800 nm.
for f = 10% and R = 0.27 for f = 15%. Along the same lines of the
𝓁𝑠𝑐 analysis, Fig. 3.9 displays the fittings of the experimental data to
Eq. 2.23 at 𝜆 = 800 nm. In this case, Rs and T were measured em-
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Figure 3.10: Spectral 𝓁𝑡 curves obtained for theMie glass under consid-
eration integrating inclusions with different conditions from (a) ex-
perimental data and (b) Mie formalism. The considered conditions
correspond to r = (95 ± 20) nm - f = 5% (blue), r = (225 ± 20) nm - f
= 5% (red), r = (225 ± 20) nm - f = 10% (orange) and r = (225 ± 20)
nm - f = 15% (green).
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ploying an integrating sphere coupled to a spectrophotometer capa-
ble of detecting intensity up to 𝜆 = 850 nm. Figure 3.10(a) displays
the 𝓁𝑡 curves resulting from these fittings. For the case r = (95 ± 20)
nm - f = 5%, 𝓁𝑡 yielded larger values than the largest thickness of the
fabricated films, L ∼ 12 𝜇m, for 𝜆 > 575 nm, therefore not fulfilling
the condition L ≫ 𝓁𝑡. In this situation, Eq. 2.23 is unable to describe
the propagation of light for 𝜆 > 575 nm and these values have been
accordingly not included in the graph. Shorter values of 𝓁𝑡 were ob-
served for larger inclusions or concentrations, holding 𝓁𝑡 > 𝓁𝑠𝑐, as ex-
pected for particles yielding non-isotropic light scattering, see Eq. 1.2.
Fair agreement was observed when comparing to the spectra derived
fromMie formalism, Fig. 3.10(b), in spite of the discrepancies for the
case of the material yielding the weakest scattering strength and the
unability to reproduce resonant features. The latter was justified by
the experimental polydispersity in size of the TiO2 inclusions. Mie
formalism predicts resonances sustained by scattering particles of a
well-defined size at specific wavelength values. Nevertheless, when
polydispersity is introduced, the size distribution is not sharp enough
and the resonant features easily smooth out. Additionally, while each
scattering centre was considered to share its geometrical centre with
its corresponding surrounding air shell in the model, this was not a
faithful reproduction of the real system. As a consequence, discrep-
ancies in the shape of the angular distribution of the scattered light
arose, hindering an accurate reproduction of the expected 𝓁𝑡 values.
Discrepancies were more pronounced in the determination of 𝓁𝑡, as it
is a function of 𝓁𝑠𝑐, which depends on both, 𝜎𝑠𝑐 and the angular distri-
bution of the scattered light, which is apparently highly sensitive to
shape deviations of the inclusions. Notwithstanding, the reasonable
agreement of the results proves that the optically random medium
herein proposed behaves as a solid version of a dilute dispersion of
spherical particles, as well as demonstrating the validity of the Mie
formalism for the description its angular scattering properties.
3.3.2.2 Finite size effects and photon statistics of light transport in
diffusive random media
This section presents a general study based on a combination of exper-
iments with calculations on how the thickness of a finite slab of the
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optically random medium under consideration affects the degree of
randomisation of light transport, from a regime where ballistic trans-
mittance prevails to the limit where full randomisation is achieved.
An analysis on photon statistics in terms of the number of scattering
events these photons underwent is also performed.
Analysis of the spectral and angular optical response: In order to
study finite size effects on light propagation through this Mie glass,
the spectral and angular response of three slabs of thickness L = 9
𝜇m characterised by different 𝓁𝑠𝑐 values were determined. The value
of 𝓁𝑠𝑐 was controlled through the size and concentration of scattering
centres. Specifically, the scattering centre conditions of the materials
under consideration were r = (95 ± 20) nm - f = 5%, r = (225 ± 20)
nm - f = 5% and r = (225 ± 20) nm - f = 10%, which according to
Mie formalism yielded 𝓁𝑠𝑐 of 6.6 𝜇m, 1.7 𝜇m and 1.1 𝜇m, respectively,
at 𝜆 = 600 nm. Negligible contributions due to absorption by the ma-
terial were expected at this wavelength. The Tb spectra, as displayed
in Fig. 3.11(a), revealed that shorter 𝓁𝑠𝑐 values caused a decrease of
the fraction of light ballistically transmitted, as expected. In particu-
lar, a decrease of Tb from 29% to 6% was observed at 𝜆 = 600 nm
for a change of 𝓁𝑠𝑐 from 6.6 𝜇m to 1.7 𝜇m, and a 3% Tb was yielded
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Figure 3.11: (a) Ballistic and (b) diffuse transmittance spectra of 9-𝜇m
thick films of theMie glass under consideration for the conditions r =
(95 ± 20) nm - f = 5% (blue), r = (225 ± 20) nm - f = 10% (green)
and r = (225± 20) nm - f = 15% (orange). The spectra corresponding
to the simulated systems have been included as thin lines.
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Figure 3.12: Evolution of the angular distribution of the light scattered
by films of different characteristics. (a) Variable 𝓁𝑠𝑐, namely, 6.6 𝜇m
(blue), 1.7 𝜇m (green) and 1.1 𝜇m (orange), respectively correspond-
ing to the conditions r = (95 ± 20) nm - f = 5%, r = (225 ± 20) nm -
f = 5% and r = (225 ± 20) nm - f = 10%, for a fixed thickness of L =
9 𝜇m at 𝜆 = 600 nm. (b) Fixed 𝓁𝑠𝑐 = 6.6 𝜇m, corresponding to the con-
dition r = (95 ± 20) nm - f = 5%, and variable slab thickness, namely,
(1.84± 0.07) 𝜇m(violet), (6.59± 0.18) 𝜇m(black) and (9.3± 0.3) 𝜇m
(red), at 𝜆 = 600 nm. The angular distributions corresponding to the
simulated systems were included as thin lines. Calculations consider
the conditions r = 115 nm - f = 8%, r = 225 nm - f = 7.5% and r = 225
nm - f = 12%.
for a further reduction of 𝓁𝑠𝑐 to 1.1 𝜇m. Shorter 𝓁𝑠𝑐 implies an increase
of the scattering strength of the material, resulting in an increase of
Td, Fig. 3.11(b). The size dispersion of the spheres (around 20 nm)
was considered in the calculations by averaging the spectra yielded
by spheres of sizes within the experimental dispersion range. The an-
gular distribution of the scattered light at 𝜆 = 600 nm was measured,
Fig. 3.12(a). A shortening of 𝓁𝑠𝑐modifies the pattern of the angular dis-
tributions by causing an angular broadening of both, the transmitted
and reflected intensity. A larger number of scattering events led to a
higher fraction of light diffusively propagated and, as a consequence,
the angular pattern approached the distribution of a Lambertian emit-
ter as the diffusive strength of the material gradually increased. The
effect of a variation of Lwas inspected for thematerial with scattering
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centre conditions of r = (95 ± 20) - f = 5%, corresponding to 𝓁𝑠𝑐 = 6.6
𝜇m, an intermediate value in relation to the available thickness range.
The angular distributions in Fig. 3.12(b) displayed a similar trend in
terms of the evolution of the angular patterns, evidencing that an in-
crease of the scattering strength was equivalent to an increase of the
slab thickness, as the average number of scattering events escalated in
both cases. The corresponding theoretical spectra and angular distri-
butions, calculated according to the approach detailed in Sec. 2.3.2.2
of Ch. 2,were included in Fig. 3.11 and 3.12 for the sake of comparison.
Size and filling fraction values of the simulated systems were chosen
within the experimental uncertainty regarding the nominal experi-
mental values. The simulated systems included a 100-nm thick film
of intermediate refractive index between that of the air and the porous
TiO2, that is, n= 1.35, on top of theMie glass in order to account for the
slightly inhomogeneous nature of the interface, which would result
in an increased in-coupling of the light into the system. The spectra
and angular distributions calculated employing themodel confirmed
the trends experimentally observed, thus demonstrating its reliability
and proving its ability to predict light propagation in the considered
material without accounting for phase correlation effects, that is, the
total scatteringwas described as a series of successive individual scat-
tering events as dictated by Mie theory. Based on this agreement, the
model was hereinafter applied in order to inspect the origin of the an-
gular distribution of light yielded by slabs of theMie glass depending
of their thickness in relation to their scattering strength.
Scattered photon statistics: This section presents an analysis of the
shape of the angular distribution of the light after interacting with
slabs of different thicknesses of theMie glass under study in terms of
the distribution of scattering events that light undergoes. The struc-
tural parameters considered in the simulated film correspond to r =
225 nm - f = 12%, for which 𝓁𝑠𝑐 = 0.7 𝜇m and 𝓁𝑡 = 3.0 𝜇m at 𝜆= 600 nm
according to Mie formalism. The value of 𝓁𝑡 was also extracted from
applying Eq. 2.23 to the results of T and Rs for different slab thick-
nesses yielded by theoretical experiments employing the model. This
procedure provided a value of 𝓁𝑡=3.7𝜇m,which roughly agreedwith
the 𝓁𝑡 = 3.0 𝜇m derived from Mie theory. Light is expected to reach
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full diffusive propagation for L≫ 𝓁𝑡. For that reason, the values of L
for the simulated films ranged from L = 𝓁𝑡 up to L = 7𝓁𝑡 (correspond-
ing to 30𝓁𝑠𝑐), which covered thickness values from a point where the
optical response should be strongly determined by the finite size of
the slab to displaying the typical features of a fully developed ran-
dom ’bulk’ material. If thickness was short, e.g. L = 𝓁𝑡, light only un-
derwent a few scattering events during propagation and a small frac-
tion of light deviated from the incidence direction, thus resulting in
an angular distribution displaying a strong ballistic component. In
effect, in this case, around 24% of the incident light was transmitted
ballistically, as shown in Fig. 3.13(a). As Fig. 3.13(b) revealed, in a
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Figure 3.13: Evolution with thickness of the angular distribution of
the light scattered by a simulated slab with the conditions r = 225 nm
- f = 12%. (a)-(c) Total angular distribution for slabs of thickness L =
𝓁𝑡, L = 3.5𝓁𝑡 and L = 7𝓁𝑡, respectively. The insets show a zoom-in of the
respective angular distributions for a better visualisation of the shape.
(d)-(f) Angular distribution of photons undergoing s = 1 (blue), s =
3 (orange), s = 5 (violet) and s = 10 (pink) scattering events in slabs
of thickness L = 𝓁𝑡, L = 3.5𝓁𝑡 and L = 7𝓁𝑡, respectively. The calculations
were performed at 𝜆 = 600 nm.
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thicker slab, L = 3.5𝓁𝑡 (equivalent to L = 15𝓁𝑠𝑐), light was given the
possibility to be scattered a larger number of times, thus resulting in
a higher fraction of diffuse light at the expense of Tb, which was re-
duced to an exiguous 1.2%. As a consequence of the pronunciated de-
crease of total transmittance, the film should display awhitish opacity
typical of an optically random material. Moreover, in contrast to the
slab of thickness L = 𝓁𝑡, the angular pattern of the light yielded by a
film of thickness L = 3.5𝓁𝑡 presented a fairly isotropic shape, resem-
bling that of a Lambertian diffuser, due to the important fraction of
light propagating diffusively. Eventually, for film thicknesses signifi-
cantly larger than 𝓁𝑡, for instance L= 7𝓁𝑡 (corresponding to 30𝓁𝑠𝑐), light
underwent numberless scattering events, which hampered transmit-
tance and, as a consequence, most of the incident light was diffusively
reflected, resulting in high opacity of the film, as illustrated in Fig.
3.13(c). Furthermore, the perfectly Lambertian profile of the trans-
mitted intensity indicates full randomisation of the light. While Tb
is largely affected by the irregular variations of the refractive index
throughout the material, under the assumptions considered herein
and in good agreement with the measurements, the value of Rs is dic-
tated to a great extent by the refractive index contrast between that
of the Mie glass and the surrounding medium, air in this case. This
became evident when inspecting the evolution of Rs for increasing
thickness of the slab, namely, 5.5%, 5.3% and 5.3% for L = 𝓁𝑡, L =
3.5𝓁𝑡 and L = 7𝓁𝑡, respectively, as shown in Fig. 3.14. For short enough
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Figure 3.14: Evolution of Rs for simulated slabs of the system under
consideration for increasing value of L/𝓁𝑡.
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values of L, where the probability of photons undergoing a scatter-
ing event is low, a fraction of the incident photons can be reflected at
the second interface of the slab, travel back throughout the material
and escape in the backward direction without undergoing any fur-
ther scattering, thus contributing to Rs. As thickness is increased, the
probability of a photon crossing the material slab twice avoiding scat-
tering by an inclusion is reduced, therefore causing a decrease of Rs
up to a critical thickness, above which no contribution from unscat-
tered photons reflected at the back interface is possible. At this point,
the value of Rs stabilised at 5.3%, which was independent on L. This
point is discussed again below when inspecting the angular distribu-
tions described by the fraction of light undergoing a specific number
of scattering events. The angular distributions in Fig. 3.13(a)-(c) can
be understood as a sum of the individual angular patterns described
by each fraction of light undergoing a specific number of scattering
events. Indeed, Fig. 3.13(d)-(f) illustrate particular cases for the three
slab thicknesses under consideration. Even though by definition any
phenomenon removing photons from the incident beamwould be re-
garded as a scattering event, photons specularly reflected at any of the
slab interfaces were considered as non-scattered light. Indeed, in the
model only modifications of the trajectory of the photons originated
from interaction with the spherical inclusions were considered scat-
tering events. Comparison between Fig. 3.13(d) and (a) evinced that
the total angular distribution for a slab of L= 𝓁𝑡wasmainly defined by
those photons scattered once. Photons scattered once preserved to a
great extent the forward-oriented angular distribution typical of Mie
scattering. In contrast, owing to the low probability of undergoing a
higher number of scattering events across such thickness, the contri-
bution of higher order distributions played a small part in the total
intensity. This was evidenced by the high magnifications required in
Fig. 3.13(d) for the visualisation of distributions of photons scattered
above once. For a thicker slab, e.g. L = 3.5𝓁𝑡 the contribution of light
undergoingmore than one scattering event to the intensity of the total
angular distribution started becoming relevant, as pointed out by the
lower magnifications required in Fig. 3.13(e) in comparison to those
previously observed for the case L = 𝓁𝑡. For such thickness, not only
was there substantial probability that photons were scattered 3 and
5 times, but the slab was still thin enough for these photons to reach
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the opposite interface and exit the system as transmitted light, thus
resulting in an important strong forward component of these higher-
order distributions. Figure 3.13(e) reveals a virtually equal probabil-
ity of photons scattered once to exit the slab either in the forward
or backward direction. Whereas photons undergoing one scattering
events can easily reach the opposite interface without further scatter-
ing in thin slabs, as thickness of the slab increases, the probability of
photons scattered once exiting the slab as transmitted light without
being scattered again significantly drops, thus becoming comparable
to the fraction of light scattered in the backward direction after one
scattering event (given by Mie theory), justifying the observation in
Fig. 3.13(e). Eventually, if thickness becomes large enough, as in the
case of L = 7𝓁𝑡, photons undergoing one scattering event could exclu-
sively be collected in the backward direction, since the large thickness
prevented light scattered in the forward direction from reaching the
opposite interface and exit the slab in transmission before undergoing
further scattering events, as evidenced by Fig. 3.13(f). Here, the angu-
lar distribution described by photons scattered 3 times still displays
a pattern mostly determined by reflected light, thus revealing the
prevalence of photons scattered in the backward direction. The rela-
tive contribution of photons scattered a larger number of times to the
total angular distribution decreased slowly with respect to the cases
of shorter thicknesses previously inspected, which was evidenced by
the similar magnification required for the visualisation of the angu-
lar patterns corresponding to light scattered 5 and 10 times. For this
reason, the small fraction of transmitted intensity was expected to be
fully randomised.
The histograms in Fig. 3.15, which illustrate the fraction of light
collected after being scattered by the slab as a function of the num-
ber of undergone scattering events, provided a further analysis of the
trends for the three thicknesses previously inspected. For each slab,
a most likely scattering event number was expected, which increased
as L became larger, as the histograms show. Whereas for short thick-
nesses the probability of light being scattered more than once was
reasonably low and most of the photons exited the material either
specularly reflected or ballistically transmitted or after undergoing
one scattering event, Fig. 3.15(a), a dramatic rise in the number of
photons scattered above once at the expense of Tb was observed if L
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Figure 3.15: (a)-(c) Histograms of the fraction of scattered photons
in relation to the number of scattering events they underwent at 𝜆
= 600 nm for slabs of thickness L = 𝓁𝑡, L = 3.5𝓁𝑡 and L = 7𝓁𝑡 of the
considered system. (d) Fraction of the scattered photons in relation
to the number of scattering events they underwent at 𝜆= 600 nm as a
function of the thickness of the slab of the systemunder consideration
in units of 𝓁𝑡.
increased, as displayed in Fig. 3.15(b) for L = 3.5𝓁𝑡. For large enough
thickness, such as L = 7𝓁𝑡, Fig. 3.15(c), when the slab was expected to
behave as a perfect diffuser, the amount of photons undergoing the
most likely number of scattering events significantly dropped, conse-
quence of a distribution of the light among photons scattered a higher
number of times. Td could be therefore expected to become progres-
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sively larger as the value of L/𝓁𝓉 increased. The probability curve de-
fined by the histogram flattened as the thickness of the slab increased,
as visible in Fig. 3.15(d), where the evolution of the most likely scat-
tering event number is perceptible.
3.3.2.3 Effects of optical disorder on the absorption of light
In order to evaluate the effects of randomly distributing scattering
particles in a mesoporous anatase matrix on the absorption of light
by a chromophore adsorbed to the film, several slabs were fabricated
with different scattering centre conditions and sensitised with N719,
a dye widely employed for the sensitisation of DSSCs, for absorption
variation assessment. Particularly, with the purpose of evaluating the
influence of both parameters, inclusion size and filling fraction, two
sets of samples were considered: one with a fixed inclusion size of r =
(100 ± 15) nm and volume filling fraction values ranging from 5% to
15%, and one with a fixed filling fraction f = 10% and inclusion size
in the range 100 - 200 nm. With the idea of integrating this Mie glass
as electrode into DSSCs, the films were deposited on top of an FTO-
coated glass. In this way, evaluation of the optical response of this
system allowed consideration of the possible contribution of the con-
ductive FTO layer to the absorption of the photoanode. The SEMcross
section images in Fig. 3.16(a) and (b) show the resulting structure of
these photoanodes integrating scattering centres with different sizes.
Figure 3.17(a) and (c) show the absorptance spectra measured for
5 µm
(a)
5 µm
(b)
Figure 3.16: SEMcross section images ofMie glass-based electrodes for
integration into DSSCs including spherical TiO2 scattering centres of
size (a) r = (100± 15) nm and (b) r = (200± 25) nm in a 10% volume
filling fraction.
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Figure 3.17: Absorptance enhancement of the system glass/FTO/Mie
glass sensitised with dye owing to the inclusion of scattering centres.
(a) Experimental and (b) theoretical absorptance spectra for films in-
tegrating scattering centres of size r = (100 ± 15) nm and filling frac-
tion values f = 5% (blue line), f = 10% (green line), f = 15% (orange
line) and f = 20% (red line). For the calculations in (b), r = 80 nm
has been considered as scattering centre size for the sake of the best
agreement. (c) Experimental and (d) theoretical absorptance spectra
for films including scattering centres of size r = (100 ± 15) nm (blue
line), r = (135 ± 15) nm (green line) and r = (200 ± 15) nm (orange
line) in a filling fraction f = 10%. Spectral absorptance curve for a ref-
erence film has been included for comparison (gray line). 8-𝜇m thick
electrodes have been considered in all the cases.
both sets of samples when illuminating from the rear side, i.e. light
impinges directly on theMie glass. A broadband enhancement of the
absorptance was evident for both cases in the wavelength range from
600 nm up to ca. 750 nm and it was revealedmore intense with higher
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values of any of both tested parameters. The absorptance spectrum of
a reference film devoid of scattering centres has been included for the
sake of comparison. This proved that, not only resulted the sole inte-
gration of this type of scattering centres beneficial for light absorption
in this transparent matrix, but also such enhancement could be con-
trolled by means of their size and concentration. The corresponding
calculated absorptance spectra are displayed in Fig. 3.17(b) and (d),
which show an excellent agreement with the measured spectra. The
resultswere consistentwith the relation between the scattering centre
conditions and the 𝓁𝑠𝑐 spectra previously analysed in Fig. 3.8. Accord-
ing to the 𝓁𝑠𝑐 spectra, the increase of any of both parameters defining
the conditions of the scattering centres yield shorter 𝓁𝑠𝑐 values. As a
consequence, the path length of the light inside the material is signif-
icantly enlarged and, when sensitised with an absorbing dye, it leads
to a higher probability of photons being absorbed, equivalent to an
increase of the absorption cross section of the dye molecules.
This analysis demonstrated therefore the efficacy of optical disor-
der as a tool to controllably boost the absorptance of dyemolecules in-
filtrated in the pores of a mesoporous TiO2 matrix. This result entails
important implications when aiming at solar cell implementation, as
later on inspected in Ch. 4.
3.4 TiO2 scattering centres in a low refractive index
matrix
In this section, the procedure for the fabrication, design and analysis
of the optical response of a Mie glass of high photonic strength are
described. The reason for such highly diffusive character resides in
the transparent matrix supporting the scattering centres, consisting
in a highly porous SiO2 film of ultralow refractive index, which, in
contrast to the spherical TiO2 inclusions, yields a high refractive in-
dex contrast. The term ultralow is hereinafter applied to describe the
low value of the refractive index of the fabricated transparent film
within the terminology of the field, where refractive indices below
1.2 are usually designated as ’ultralow’9–13. The realisation of thisMie
glass required the development of a procedure for the fabrication of
ultralow refractive index SiO2 films. The first part of this section is
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devoted to the preparation, characterisation and study of the optical
properties of these highly porous SiO2 films, for which the possibility
of tuning the resulting refractive index through the experimental pa-
rameters is demonstrated. After that, the controlled inclusion of opti-
cal disorder for the fabrication of aMie glass is addressed, along with
a characterisation of their optical response and inspection of their op-
tical properties in relation to the conditions of the disorder included.
3.4.1 Ultralow refractive index films
A combination of solution-processing methods with a step of CVD
enabled the fabrication of wide-area, highly transparent films of ul-
tralow refractive index consisting in a SiO2 with a high degree of
porosity.
The material was fabricated from films of PS spheres, as depicted
in theMethods chapter, whichwere subjected to a process of CVD con-
sisting in sequential infiltration with SiCl4 and H2O in vapour phase,
as described in Sec. 2.1.3.2 in Ch. 2, completing in that way one infil-
tration cycle. As a result of the reaction of SiCl4 with H2O throughout
the PS scaffold, a SiO2 network was formed from partial filling of the
voids among the PS spherical particles, see Fig. 3.18(a). Additional
infiltration cycles enabled further filling of the pores. Eventually, the
PS scaffold was removed through a thermal procedure consisting in
heating of the samples up to 500𝑜C for 2 hours, while mantaining the
SiO2 structure, resulting in a around 2 x 2-cm2 highly porous SiO2
network forming a film, as represented in the drawing in Fig. 3.18(b).
The eventual structure is shown in the SEM images in Fig. 3.19(a) and
(b), which display the high porosity of the material. Films of this ma-
terial presented a high degree of transparency in the visible range of
the spectrum, as shown in Fig. 3.19(c), evidenced by the low fraction
of light diffusively propagated.
As previously mentioned, the value of Rs of a film is generally dic-
tated by the refractive index constrast between that of the film and the
surrounding medium, air in this case. As a consequence, the Rs spec-
tra of the films were used tomonitor variations of the refractive index
of the films depending on the experimental conditions. Specifically,
the study focused on inspecting the influence of different degrees of
void filling with SiO2 of the PS-based films, as a consequence of an
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increase of the number of infiltration cycles, on the average refractive
index of the eventual structure. The main aim of this analysis was not
only the determination of the spectral refractive index of the fabri-
cated films, but also inspect the possibility of experimentally tuning
their value during the preparation process. The results correspond-
ing to this study are shown in Fig. 3.20. Figure 3.20(a) displays the
measured Rs for the prepared films, along with that for a glass sub-
strate for the sake of comparison. The spectra revealed a reduction
of Rs for increasing number of infiltration cycles. Such decrease was
attributed to a higher amount of SiO2 constituting the film, a conse-
quence of increasing the number of infiltration cycles, which would
reasonably result in higher refractive index values. At first glance,
Fig. 3.20(a) clearly revealed an anti-reflective character of the fabri-
cated films when comparing to the reference Rs spectrum of a glass,
being more pronounced for increasing number of infiltration cycles
within the range under consideration. As amatter of fact, calculations
Figure 3.18: Fabrication process of a ultralow refractive index film. (a)
Sequential infiltration of the PS scaffold through CVD and partial fill-
ing of the voids with SiO2. (b) Removal of the PS scaffold and forma-
tion of a film consisting in a porous SiO2 network. The coating in red
represents the SiO2.
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(a)
400 nm
(b)
200 nm
(c)
Figure 3.19: (a) SEM cross section image of the film prepared as de-
scribed, consisting in a highly porous SiO2 network. (b) Zoom-in of
the film, displaying the highly porous nature of the material. (c) Pic-
ture of the prepared film on a glass substrate displaying high trans-
parency.
demonstrated a reduction of the average Rs of the filmbefore reaching
a minimum value as its average refractive index grew, as displayed
in Fig. 3.21. Specifically, the calculations considered in a first approx-
imation a wavelength-independent refractive index for the materials
and the values of Rs correspond to spectra averaged within the wave-
length range 400 - 800 nm. The considered films were simulated and
their spectral Rs determined, Fig. 3.20(b), employing for that pur-
pose the refractive index spectra extracted from experimental mea-
surements, Fig. 3.20(c). For the extraction of the refractive index,mea-
surements of Rs and Tb for three different incidence angles and both
polarisation states, s and p, were fitted to those calculated bymeans of
the transfer-matrix method employing a genetic algorithm, designed
to find the required complex refractive index providing the best fit-
ting according to a designated model. Here, the Cauchy Absorbent
model was considered. The trend experimentally observed for the Rs
spectrawas faithfully reproduced by the calculations, thus displaying
good agreement between measurements and theory. As anticipated,
Fig. 3.20(c) demonstrated that the refractive index of the resulting
films was directly affected by the number of infiltration cycles per-
formed via CVD. Indeed, the value of the refractive index increased
for a higher number of infiltration cycles, as expected. Specifically, a
nominal refractive index as lowas n=1.03 at𝜆=600nmwas achieved
for the film subjected to one infiltration cycle. This analysis demon-
strated that, not only the proposed experimental procedure enabled
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Figure 3.20: Optical characterisation of the fabricated films. (a) Ex-
perimental and (b) calculated Rs spectra for a glass substrate (gray
line) and a glass substrated coated with a highly porous SiO2 film
fabricated through one (dark-yellow line), two (green line) and three
(orange line) CVD infiltration cycles. (c) Spectral refractive indices
extracted from Rs and Tb measurements for the films fabricated with
one (dark-yellow line), two (green line) and three (orange line) CVD
infiltration cycles. (d) Angular distribution of the light transmitted
through a glass substrate (gray line) and a glass substrate coatedwith
a highly porous SiO2 film prepared through one (dark-yellow line),
two (green line) and three (orange line) CVD infiltration cycles at 𝜆
= 575 nm.
the preparation of wide-area and highly transparent films of ultralow
refractive index, but it also allowed control over its optical properties.
A porosity of p = 0.9 could be estimated for the film subjected to one
infiltration cycle according to the Lorentz-Lorenz expression consid-
ering an average refractive index of n1 = 1.05 for the SiO2-network
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Figure 3.21: Calculated average Rs as a function of the refractive index
of the SiO2 film.
film and taking n2 = 1.425 for SiO2:
𝑝 = 1 − 𝑛
2
1 − 1
𝑛22 − 1
. (3.3)
From the high transparency observed in Fig. 3.19(b), the scattering
strength of the films was expected to be negligible, which was con-
firmed by measurement of the angular patterns of the light scattered
by the films, Fig. 3.20(d). The largely forward-oriented profiles of
the angular distributions indicated that most of the transmitted light
propagated ballistically, revealing a virtually inexistent diffuse propa-
gation as a consequence of a lack of significant scattering. Indeed, the
angular distributions of the filmswere highly similar to that for a bare
glass substrate, which demonstrated a high degree of transparency.
3.4.2 Scattering properties of an optically randommaterial based
on a low refractive index film
After the development of ultralow refractive index films, the next step
in the fabrication of an optically random medium of high diffusive
strength consisted in the inclusion of high refractive index scattering
particles, namely, monodisperse nanocrystalline TiO2 spheres. The
fabrication procedure allowed the inclusion of scattering particles in
the eventual film by dispersing them in the initial suspension of PS
spheres, calculated according to Eq. 2.1. The amount of TiO2 in rela-
tion to the volume of PS spheres approximately defined the volume
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1 µm
(a) (b)
Figure 3.22: (a) SEM cross section image of the fabricated optically
disordered medium consisting of a highly porous SiO2 film integrat-
ing a random distribution of crystalline TiO2 spheres of size r = (225
± 20) nm in a 5% concentration. (b) Picture of the material exhibiting
high opacity.
filling fraction of scattering centres in the eventual film. Due to exper-
imental limitations, a volume filling fraction f = 5% was considered
in the study herein performed. Suspensions prepared for f > 5%were
not suitable for the fabrication of films with good optical quality due
to inhomogeneities arising during the deposition process. The image
shown in Fig. 3.22(a) reveals the desired structural properties of the
resulting material, namely, a random distribution of monodisperse
spherical TiO2 particles in a SiO2 matrix of high porosity forming a
film. Due to the presence of TiO2 particles, intense light scattering
was triggered in the film, therefore adopting a white appearance and
high opacity typical of turbid media, as visible in Fig. 3.22(b).
The opacity of the resulting material was evidenced by the deter-
mination of the Tb spectra, Fig. 3.23, which revealed a considerable
reduction when compared to the Tb spectrum of the initial low re-
fractive index SiO2 film. Following the same procedure previously
employed in Sec. 3.3.2.1 for the characterisation of the disorder, the
spectral 𝓁𝑠𝑐 were determined from Rs and Tb measurements of films
integrating optical disorder with different conditions, namely, differ-
ent sizes of the scattering centres in a 5% concentration, as visible in
Fig. 3.24(a), and the corresponding spectra calculated through Mie
theory, Fig. 3.24(b). A porosity p = 0.9 was considered for the SiO2
matrix of the simulated films according to Eq. 3.3. Smaller inclusions
yielded shorter values of 𝓁𝑠𝑐, as opposed to the trend exhibited by the
Mie glass based on amesoporous TiO2 matrix previously discussed in
125
3.Mie glasses: fabrication and characterisation
Sec. 3.3.2.1, for which bigger scattering centres were required to min-
imise 𝓁𝑠𝑐. In order to understand this, it was necessary to analyse 𝓁𝑠𝑐
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Figure 3.23: Tb spectra for a Mie glass consisting of a highly porous
SiO2 film integrating nanocrystalline spherical TiO2 particles of size
r = (146 ± 15) nm (blue line) and r = (250 ± 30) nm (orange line) in
a 5% concentration. The spectrum corresponding to a ultralow refrac-
tive index SiO2-based film before the inclusion of scattering centres
have been included (gray line) for comparison.
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Figure 3.24: 𝓁𝑠𝑐 spectra extracted from (a) measurements and (b) cal-
culations for a Mie glass comprising a low refractive index SiO2 film
including a random distribution of nanocrystalline TiO2 spheres of
size r = (146 ± 15) nm (blue line), r = (188 ± 15) nm (dark yellow
line), r = (225 ± 20) nm (green line) and r = (250 ± 30) nm (orange
line) in a f = 5% concentration. The dashed lines in (b) correspond
to a hypothetical system consisting in spherical scattering centres of
the same size suspended in air in a 5% concentration.
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Figure 3.25: Calculation of the ratio Q𝑠𝑐/r for an optically random
medium consisting of a low refractive index SiO2 film integrating
nanocrystalline TiO2 spheres in a 5% concentration. The dashed lines
highlight the corresponding sizes considered in the analysis.
in terms of the ratio of the scattering efficiency, Qsc, to the size of the
particle, i.e Qsc/r. Considering a spherical shape, 𝓁𝑠𝑐 (Eq. 2.5), can be
expressed in terms of the volume filling fraction, the scattering effi-
ciency and the size of the particles:
𝓁𝑠𝑐 =
4
3𝑓 𝑄𝑠𝑐𝑟
, (3.4)
where 𝑄𝑠𝑐 = 𝜎𝑠𝑐/𝜋𝑟2, was taken into account. In light of Eq. 3.4, 𝓁𝑠𝑐 was
expected to vary inversely with Qsc/r. With that purpose, the mod-
ification of Qsc/r as a function of the size of the inclusions was de-
termined, Fig. 3.25, which justified the trends observed for 𝓁𝑠𝑐 in Fig.
3.24. 𝓁𝑠𝑐 values as short as 436 nm at 𝜆 = 565 nm were attained for a
particle size r = (146 ± 15) nm due to the high refractive index con-
trast between the TiO2 inclusions and the porous SiO2 matrix, thus
justifying the quest for a ultralow refractive index support matrix for
the scattering inclusions. The spectra calculated through Mie formal-
ism, Fig. 3.24(b), reproduced the trends of the spectra extracted from
experiments. Such agreement demonstrated the validity of Mie for-
malism for the description of light transport in this material, prov-
ing it to behave as a Mie glass. The observation that the spectra ex-
tracted from experiments were generally shorter than those yielded
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by the calculations was attributed to a likely somewhat larger filling
fraction of scattering centres in the materials fabricated, since this pa-
rameter does not experimentally offer a fine control over its value, as
previously noticed for the Mie glass based on a porous anatase ma-
trix, Sec. 3.3.2.2. The 𝓁𝑠𝑐 spectra corresponding to a hypothetical situ-
ation where the TiO2 scattering centres are randomly suspended in
air were also included in Fig. 3.24(b). The great similarities between
these spectra and those corresponding to theMie glass evinced an air-
like character of the porous SiO2 matrix in terms of optical properties.
This confirmed the ultralow refractive index of the porous SiO2 ma-
trix, demonstrating its behaviour as a film of air to a great extent, yet
capable of supporting particles serving as scattering centres. In this
regard, if a SiO2 film exhibiting this property were to be infiltrated
with any photoluminescent molecule, an efficient out-coupling of the
light could be expected. Owing to the small refractive index contrast
between the film and the surrounding air, the escape cone would re-
sult wide enough to ensure small losses due to light trapped by total
internal reflection, guided along the film and lost through the edges.
3.4.3 Mie glasses as efficient light diffusers: comparison
In order to assess the relevance of the photonic strength of this op-
tically random material within the framework of strongly diffusive
Mie glasses, a comparison of its 𝓁𝑠𝑐 spectrum with that for the TiO2-
based Mie glass previously analysed in Sec. 3.3 with the same condi-
tions of disorder was established. In particular, the conditions of the
integrated disorder consisted in scattering centres of size r = (225
± 20) nm and concentration 5%. The comparison is illustrated in Fig.
3.26(a). In both cases, 𝓁𝑠𝑐 displayed considerably short values, between
1 𝜇m and 3 𝜇m. The relative scattering strength between both materi-
als was, however, revealed to be importantly dependent on the con-
sidered wavelength range. Specifically, 𝓁𝑠𝑐 showed shorter values in
the wavelength range 400 - 635 nm for the TiO2-based Mie glass, be-
coming the trend reversed thenceforth, where the strongest diffusion
strength was expected for the Mie glass based on a low refractive in-
dex material. This trend verified the relationship between Q𝑠𝑐/r and
𝓁𝑠𝑐 previously inspected in Fig. 3.24 and 3.25 according to Eq. 3.4, as
evidenced through the determination of Qsc/r for both materials, Fig.
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Figure 3.26: (a) Calculated 𝓁𝑠𝑐 spectra for a Mie glass comprising a
mesoporous TiO2 (dark red line) or a highly porous SiO2 (green line)
matrix integrating nanocrystalline TiO2 spheres of size r = (225± 20)
nm in a 5% concentration. (b) Spectral values of the ratio Q𝑠𝑐/r for
the TiO2-based (dark red line) and the SiO2-based (green line) Mie
glasses under consideration. (c) Calculated angular distributions of
the light emerging from a 2-𝜇m slab of the Mie glasses based either
on a TiO2 (dark red line) or a highly porous SiO2 (green line) matrix
under consideration at 𝜆 = 500 nm and (d) 𝜆 = 700 nm. The insets in
(c) and (d) display a zoom-in of the corresponding angular distribu-
tions.
3.26(b). The choice of the material for its use as an efficient diffuser
would therefore depend on the targeted wavelength, which dictates
the predominance of the intensity of the scattering strength of onema-
terial over the other. Indeed, at 𝜆= 500 nm,where the TiO2-basedMie
glasswas expected to yield a stronger photonic strength than its SiO2
counterpart, the angular distribution of the scattered light displayed
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aweaker ballistic component as a consequence of an increased scatter-
ing intensity, Fig. 3.26(c). Higher diffusion strength removes photons
from the ballistic direction, forcing them to emerge from the film at
greater angles, thus justifying the broadening of its angular distribu-
tion shown in the inset. The opposite behaviour was observed at 𝜆 =
700 nm, Fig. 3.26(d), where a more diffusive character was expected
for the SiO2-basedMie glass.
3.5 Conclusions
This chapter focuses on the design and fabrication of new optically
random media in the configuration of a Mie glass. The Mie glass was
defined as an optically disordered material consisting of a transpar-
ent matrix integrating a random distribution of spherical scattering
centres in a controlled manner with concentration values within the
range of high dillution for a description of light propagation accord-
ing to Mie formalism for the scattering of individual particles.
First of all, different combinations of materials in this configura-
tion were theoretically tested with the purpose of finding specific
combinationsmaximising the photonic strength. From this study, two
particular materials demonstrated the desired properties: a mesopo-
rous TiO2 matrix and a ultralow refractive index porous SiO2 matrix,
both integrating nanocrystalline spherical TiO2 scattering centres.
In the case of the TiO2-based material, films integrating disorder
with different conditions of the scattering centres were fabricated and
a characterisation of the optical disorder through the determination
of 𝓁𝑠𝑐 and 𝓁𝑡 from experiments was performed. Comparison with the
results of the corresponding calculations performed bymeans of Mie
theory proved that in specific wavelength ranges, light propagation
could be predicted in terms of Mie scattering from the scattering of
light by an individual particle. Furthermore, the effects of finite size
regarding light propagation were studied for this material. Specifi-
cally, the effect of shortening 𝓁𝑠𝑐 through the conditions of the optical
disorder included for a fixed size of a slab of this material was demon-
strated to affect light transport in a similar way to increasing the thick-
ness of the slab for a particular 𝓁𝑠𝑐 value. A theoretical model was
employed for the analysis of the modification of the angular distribu-
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tion of the light scattered by slabs of different thickness from a regime
in which ballistic propagation prevails to a regime in which light ex-
clusively propagates in a diffuse manner and light transport is ran-
domised. Themodel allowed anunprecedented analysis of light prop-
agation in terms of the number of scattering events photons undergo,
enabling a statistical study of the evolution of the angular distribu-
tion of photons undergoing a specific number of scattering events as
a function of slab thickness.
In the case of the SiO2-based randommaterial, a procedure based
on a CVD technique for the fabrication of ultralow refractive index
SiO2 films of an area around 2 x 2 cm2 and thickness below 2 𝜇mwas
presented. The optical response of the films was characterised and
their refractive index estimated. The procedure demonstrated con-
trol over the refractive index of the eventual film, for which values
as low as n = 1.03 at 𝜆 = 600 nm were obtained. Further inclusion of
scattering spherical TiO2 particles produced a new optically random
medium which, after a characterisation of its optical disorder, was
proved to behave as a Mie glass. Owing to the high refractive index
contrast between the highly porous SiO2 matrix and the TiO2 scatter-
ing centres, 𝓁𝑠𝑐 values as short as 436 nm were obtained at 𝜆 = 565
nm for a 5% concentration of r = (146 ± 15)-nm scattering centres,
demonstrating its potential as a highly scattering diffuser.
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4 Mie glasses for bifacialDSSCswith enhanced
performance
4.1 Introduction
The characteristic features of DSSCs make them especially attractive
in comparison to other PV technologies when inexpensive solar cells
presenting transparency or aesthetical attractiveness are required. PV
devices based on a bifacial architecture have beenproposed as ameans
to reduce costs.On the one hand, these devices are designed to present
operation under front and rear illumination, either simultaneously or
sequentially, which results in higher light harvesting by a cell of the
same area1. On the other hand, such architecture could be of interest
for operation in locations of unpredictable and variable illumination,
such as indoor places2. After the first realisation of a bifacial DSSC3,
some effort was devoted toward enhancing their light-harvesting ef-
ficiency and charge transport so as to achieve better performances4,5.
In particular, a plethora of approaches focused on maximising the
transparency of the counterelectrode for optimised performance un-
der rear illumination has been reported4–15. The integration of optical
structures either inside16–18 or outside19–24 the active region of a DSSC
has demonstrated acceptable effectiveness at improving light harvest-
ing under front illumination in a wavelength range where the absorp-
tion cross section of the dye drops. Approaches based on the integra-
tion of periodical structures have been proven effective at boosting
the efficiency of DSSCs19,23,24, and so has the implementation of strate-
gies based on disordered architectures. In fact, the integration of a
backscattering layer of large TiO2 particles25–30 or the direct inclusion
of high refractive index particles of submicron size inside the sensi-
tised TiO2 film26,31–35 have produced high-performance DSSCs. Both
disordered approaches take advantage of the diffuse propagation of
light triggered by light scattered at large high refractive index parti-
cles. Whereas the former profits from the diffuse reflection of light at
a scattering layer in order to counteract the effect of insufficient thick-
ness, which hinders full light absorption, the latter uses the scattering
caused by the particles inside the film in order to enlarge the optical
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path of light and thus increase the probability of light absorption by
the dye molecules. Proposals based on this idea very often employ
irregular and polyhedral particles as scattering centres, which yield
a mostly isotropic scattering when averaged over the different pos-
sible orientations of the particles. Furthermore, isotropic scattering
produces losses at the entrance of the solar cell due to light scattered
in the backward direction26,36–38. The majority of these photonic archi-
tectures has been oriented toward operation of the cells under front
illumination, therefore lacking an appropriate optical design in order
to optimise absorption for maximised performance under rear illumi-
nation.
The work described in this chapter stems from previous studies
performed at the Multifunctional Optical Materials group, where the
research activity for this thesis was developed. The group possesses a
remarkable tradition in the integration of photonic structures, mostly
periodic, into DSSCs for performance enhancement. In particular, DS-
SCs either based or including opals were realised and their opera-
tion studied39–41. The integration of one-dimensional photonic crys-
tals comprising periodic stacks of different refractive index materials
into such devices gave rise to numberless analyses of these combined
systems, ranging from the controlled inclusion of structural colour to
the study of the angular reponse of their operation19,42–44. Especially
remarkable was the inclusion of white-light back reflectors capable of
increasing the PCE of DSSCs while preserving transparency23. Other
strategies were proposed and demonstrated effective at tailoring and
improving the performance of these solar cells24,45. Eventually, pro-
gress was also made regarding the fabrication of flexible photonic
crystal-based DSSCs46.
This chapter is devoted to the integration of aMie glass in the struc-
ture of a bifacial DSSC as a means of boosting light harvesting for
the fabrication of high-performance solar cells. Specifically, the TiO2-
basedMie glass previously characterised in Sec. 3.3 of Ch. 3 sensitised
with N719 is integrated as photoanode in a DSSC and the effect of
absorption enhancement on the performance of the device already
demonstrated in Ch. 3 is analysed in relation to the structural param-
eters of suchMie glass. The starting point of this analysis lies in the re-
sults of the works by F. E. Gálvez et al.35,47, who theoretically analysed
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the effects of diffuse light propagation in cells including submicron
spherical particles in their photoanode.
In the study presented herein, the proposed system is modelled
and the performance of the device is analysed in relation to the con-
ditions of the scattering particles. The validity of the approach for ab-
sorption enhancement regardless of the incidence side of the light is
demonstrated and, since bifacial operation of the devices was sought
for, a process of optimisation of the transmittance of the counterelec-
trode is described.Also, an electrical characterisation of the fabricated
cells is presented, through which the relationship between the condi-
tions of the introduced disorder and the performance of the cell pre-
viously inspected during the modelling is confirmed.
4.2 Theoretical study of the system
According to the approach proposed in this thesis for the fabrication
of optically disordered media, the features of the scattering centres
employed to introduce optical disorder the material are deliberately
selected among the different possible options in such a manner that
light propagation can be reasonablywell predicted bymeans of calcu-
lations, as previously illustrated in Ch. 3. A meaningful consequence
derived from this particularity is the possibility of tailoring the disor-
der and designing the material properties in order to meet a specific
application. Based on this concept, this section describes a theoretical
analysis justifying the shape of the particles employed as scattering
centres, as well as the results from calculations related to the maxi-
mum achievable Jsc values depending on the conditions of the con-
sidered inclusions.
The way light is scattered when impinging on a particle of a size
comparable to its wavelength is not generally intuitive and it is highly
dependent on its structural, as well as its material properties. The
shape of the particle inevitably defines the pattern described by the
electromagnetic field posterior to the scattering event, provided that
its size is comparable to the wavelength of the incoming radiation.
Calculations of the angular distribution of the light scattered by TiO2
particles of diverse shapes were performed according to the methods
described in Sec. 2.3.1.2 in Ch. 2. Due to the the presence of an air shell
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surrounding the TiO2 sphere, as addressed in Ch. 3, an electrolyte-
filled layer surrounding the particle and with the same shape of this
was included in the calculations, as detailed in Ch. 2. The patterns
resulting from the calculations are displayed in Fig. 4.1(a) for the
shapes indicated as schematics in the inset, specifically, spheres, cubes,
truncated pyramids and distorted cubes. The angular distributions
presenting the narrowest forward-oriented patterns corresponded to
the spherical and the cubic shapes, for which they happened to be
virtually identical. As a matter of fact, spherical and cubic TiO2 par-
Figure 4.1: (a) FDTD calculated angular distribution of the light scat-
tered by TiO2 nanoparticles of diverse shapes and surrounded by an
electrolyte shell of thickness 0.5r, where r is the radius of a spherical
particle, and same shape as the particle, embedded in a mesoporous
TiO2 matrix, at 𝜆 = 650 nm. The same volume was considered for
the four scattering structures. The distributions are the result of av-
eraging several distributions yielded for different orientations of the
particles with respect to the incident light. The angular patterns cor-
respond to (i) a sphere of size r = 150 nm (blue solid line), (ii) a cube
of side L = 242 nm (orange dashed line), (iii) a truncated pyramid
of hexagonal base (green dash-dotted line) and (iv) a modified cube
(dark red dotted line). (b) FDTD calculated scattering efficiency of a
TiO2 sphere of size r = 150 nm (blue solid line) and a cube of the same
volume (orange dashed line). The scattering efficiency for a sphere
of size r = 150 nm obtained through analytical calculations by means
of Mie theory was included for the sake of comparison (pink dotted
line).
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Figure 4.2: Illustration of the different components constituting the
bifacial solar cell under consideration.
ticles displayed similar scattering efficiencies, as Fig.4.1(b) demon-
strates. Thus, cubic- and spherical-shaped scattering centres direct
light more efficiently towards deeper regions of the photoanode, ef-
fectively reducing reflection losses due to backward-scattered light at
the entrance of the cell. In the same line of thought, the broader an-
gular distributions of the light scattered bymore irregular shapes, e.g.
truncated pyramid and distorted cube, prove them as less preferable
options for the aim pursued herein. Despite resulting both the cube
and the sphere optimal for the integration into photoanodes, only the
spherical shape was considered throughout the rest of the study due
to the ease of experimental fabrication.
400 500 600 700 800
Wavelength / nm
0
1
3
2
S
c
a
tt
e
ri
n
g
 e
ffi
c
ie
n
c
y
Figure 4.3: Scattering efficiency spectra of crystalline TiO2 spheres of
size r = 80 nm (blue line), r = 100 nm (purple line), r = 112 nm (red
line) and r= 135 nm (orange line) surrounded by an electrolyte-filled
shell of thickness sh = 0.5r embedded in a mesoporous TiO2 matrix.
The spectra were obtained from Mie formalism.
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Thephotovoltaic system considered in this study comprised apho-
toanode based on a dye-sensitised TiO2 Mie glass incorporating spher-
ical TiO2 scattering centres and sandwiched between front and rear
contacts consisting in an FTO-coated glass substrate, being the lat-
ter coated with platinum for catalytic action, Fig. 4.2. Not only the
concentration of the scattering centres increases the diffusive propa-
gation of light throughout the photoanode, as pointed out by Eq. 1.1,
but also their size, as evidenced by the calculated scattering efficiency
spectra shown in Fig. 4.3. In order to theoretically assess the effect of
the variation of these two parameters on the absorptance and further
performance of the PV system herein proposed, calculations of the
maximum expected Jsc values with respect to both the volume filling
fraction, f, and the size of scattering centres, r, were carried out for a
cell under front, Fig. 4.4(a), and rear, Fig. 4.4(b), illumination. As Eq.
2.27 reveals, the value of Jsc is directly related to the efficiency of the
cell. The optimum configuration is met within scattering centre fill-
ing fraction up to 20% and size up to r = 300 nm. In effect, Jsc = 15.62
mA cm−2 and Jsc = 10.90 mA cm−2 are yielded by the calculations
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Figure 4.4: Simulated upper limit of Jsc for a cell under (a) front and
(b) rear illumination in relation to the volume filling fraction value
and the size of the scattering inclusions. The black dashed line in (a)
corresponds to the value Jsc = 14.20 mA cm−2 yielded by a device
including a backscattering layer. The value Jsc = 3.87 mA cm−2 corre-
sponding to the same configuration under rear illumination has not
been included in (b), since it is shorter than that for a reference cell.
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as the highest attainable Jsc values for r = 180 nm and f = 19% un-
der front and rear illumination, respectively. Such values correspond
to a 35% efficiency enhancement under front illumination and a 40%
efficiency enhancement under rear illumination when compared to
a bare cell, that is, f = 0%. Even though the colour maps displayed
a trend of increasing Jsc for bigger inclusions and larger concentra-
tions, the parameter map was restricted to a 20% concentration and
size r = 300 nm due to limitations of the model. This Monte Carlo ap-
proach fails at predicting light transport in the considered materials
outside of the high-dillution regime, since it describes light scatter-
ing according to single-particle considerations and does not account
for correlation terms between inclusions. For high enough particle
concentration or size, the event of light scattering by an inclusion is
not anymore independent on the light scattered by the surrounding
centres. As previously indicated, the most common approach for the
increase of optical absorption in the photoanode of DSSCs consists
in the inclusion of a scattering layer made out of larger TiO2 particles
than those of the electrode between the photoanode and the Pt-coated
back contact. Considering this scattering layer in a reference cell, the
calculations yielded amaximum Jsc = 14.20 mA cm−2 (front illumina-
tion), included in Fig. 4.4(a), and a Jsc = 3.87mA cm−2 (rear illumina-
tion). This shows that the integration of a scattering layer, although
resulting beneficial for operation under front illumination, hinders
the performance of the device when illuminated from the rear side.
It is noteworthy that the addition of these two values is close to that
considering those corresponding to a reference cell, specifically, Jsc =
11.69 mA cm−2 and Jsc = 7.83 mA cm−2 under front and rear illumi-
nation, respectively.
The implications of the shape of the scattering particles and its re-
lationship with the anisotropy of the yielded scattered light pattern,
earlier explored in Fig. 4.1(a), on the attainable efficiency enhance-
ment in the device was evidenced when analysing a hypothetical sit-
uation, in which an isotropic angular distribution of the light scat-
tered by the inclusions was assumed. Figure 4.5 presents the results
of the maximum attainable Jsc values for front and rear illumination,
in analogy to Fig. 4.4, when considering equal probability at all angles
of the scattered light and identical scattering intensity than a spheri-
cal inclusion surrounded by an electrolyte-filled shell. In this nonfac-
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Figure 4.5: Simulated upper limit of Jsc for a cell under (a) front
and (b) rear illumination integrating imaginary scattering inclusions
yielding perfectly isotropic angular distributions of the scattered
light.
tual situation, only a maximum Jsc = 13.2 mA cm−2 and Jsc = 8.97 mA
cm−2 can be at best achieved under front and rear illumination, re-
spectively, which means a scant 13% and 14% enhancement, in com-
parison to the 35% and 40% improvement demonstrated in Fig. 4.4
for spherical scattering centres. Such contrast revealed the relevance
of employing inclusions yielding a highly narrow forward-oriented
light scattering on the final performance of the device, resulting oth-
erwise in optical losses due to backscattered light. This observation
justifies the seek for particle shapes triggering highly anisotropic scat-
tering initially contemplated at the beginning of the section.
4.3 Counterelectrode optimisation and preparation
The back part of the cell, or counterelectrode, comprises a conductive
substrate coated with Pt. This coating is in fact essential for proper
operation of the device, since it acts as a catalyst for the reaction of
regeneration of the dye molecules through the electrolyte in which
the entire system is immersed. In a bifacial configuration of the cell,
the high absorption by the Pt coating results detrimental for the per-
formance of the device when operating under rear illumination, as it
would entail a lower light intensity reaching the photoanode for ex-
142
4.Mie glasses for bifacial DSSCs with enhanced performance
citation of the dye molecules. For this reason, trade-off between high
transparency and maintaining enough catalytic action must be met.
A study of the performance of cells depending on the amount of Pt
coating the counterelectrode was performed. Two concentrations of
the H2PtCl6 solution, namely, 6 mM and 7 mM, and up to three de-
positions were tested. Coating of the substrates by casting a drop of
the solution was also tested for the sake of comparison. The trans-
mittance of the different counterelectrodes was measured, Fig. 4.6(a)
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Figure 4.6: Transmittance of glass/FTO/Pt-coated substrates pre-
pared with different deposition number through spin coating of a (a)
6-mM and (b) 7-mM concentration H2PtCl6 solution. (c) J-V curves
determined for solar cells fabricated employing the as-prepared coun-
terelectrodes employing a 6-mM and a (d) 7-mM concentration
H2PtCl6 solution. The spectra correspond to counterelectrodes coated
with one (blue line), two (green line) and three (orange line) deposi-
tions of a H2PtCl6 solution. Data for a system prepared through drop
casting were also included (gray line).
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Table 4.1: Electrical parameters measured for devices integrating a
counterelectrode prepared with a H2PtCl6 solution of different con-
centration.
6-mM H2PtCl6 solution concentration
Cell Jsc exp. / mA cm−2 Voc / mV FF (%) PCE (%)
Drop casting 7.91 799 69.6 4.4
1 deposition 7.87 784 70.0 4.3
2 depositions 8.29 781 69.4 4.5
3 depositions 8.83 782 68.2 4.7
7-mM H2PtCl6 solution concentration
Drop casting 8.22 762 70.0 4.4
1 deposition 8.37 785 65.2 4.3
2 depositions 8.73 759 66.6 4.4
3 depositions 8.54 774 67.8 4.5
and (b). From these spectra, it was straightforward to conclude that
the method of drop casting yielded lower transmittance values than
spin coating. As a consequence, it was preferable to rely on the latter
for the coating process. After that, these counterelectrodes were em-
ployed for the fabrication of standard cells comprising an 8-𝜇m thick
photoanode. An electrical characterisation of the devices allowed the
determination of the J-V curves for the evaluation of the influence of
the amount of Pt coating the counterelectrode on the performance of
the cell. Although no significant influence of the solution concentra-
tion on the transmittance spectra on was revealed, the J-V curves, Fig.
4.6(c) and (d), displayed a clear dependence. Whereas the efficiency
of the devices including counterelectrodes prepared by using a 7-mM
Pt solution remained virtually unvariable, see Table 4.1, the efficiency
yielded by those devices including a counterelectrode prepared with
a 6-mM solution displayed a clear increasing trend with the number
of depositions, showing amaximum4.7%PCE for 3 depositions. Such
value corresponded to the maximum observed for all of the consid-
ered cases. In light of these results, a 6-mM concentration solution
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and 3 depositions by spin coating were established as the most suit-
able conditions for the preparation of the counterelectrodes.
4.4 Integration of scattering centres in photoanodes:
absorptance enhancement
The entire fabrication process of photoanodes integrating optical dis-
order, from the synthesis of the spherical inclusions to the final solid
film, is based on solution-processingmethods, which are known to be
inexpensive. Plus, the lack of order in the included structures reduces
the need for sophisticated integrationmethods, therefore demanding
lower complexity during the fabrication process. Altogether, these
characteristics demonstrate the suitability of the proposed approach
when aiming at an efficient and low-cost solar technology, typical fea-
tures of third-generation photovoltaics.
The integration of optical disorder in the sensitised mesoporous
TiO2 films typically employed as photoanode in DSSCs was previ-
ously proved in Ch. 3 to induce an effective increase of the optical
absorption of light by the dye molecules. Hence the potential of this
material for the fabrication of solar cells with improved performance.
Essential for the fabrication of bifacial solar cells is the ability of the
device to efficiently operate regardless of the incidence side and an-
gle of the incoming light, which is ensured by the random nature of
the approach herein proposed20–22,24. For the demonstration of this
point, measurements of the absorptance were performed under front
and rear illumination for two conditions of the inclusions, Fig. 4.7,
revealing spectra that remained virtually unaffected by the illumi-
nation side. Such effect was also promoted by the fully symmetric
shape of the scattering particles, which ensured identical scattering
regardless of the incidence angle. Although the absorption enhance-
ment yielded by a system integrating a backscattering layer was re-
vealed significant under front illumination, the absorptance dramati-
cally decreased under illumination from the rear side due to light lost
through efficient diffuse reflection that could not be coupled into the
system. Were this electrode configuration to be part of a device, one
should take into account its unsuitability for bifacial operation. Let
us remember that the integration of a backscattering layer is a widely
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Figure 4.7: Demonstration of the invariability of the absorptance spec-
tra of a system glass/FTO/sensitised electrode including scattering
centres of size r = (100 ± 15) nm and concentration f = 10% (green
line) and f = 20% (red line) under (a) front and (b) rear illumina-
tion. The absorptance spectra for a system glass/FTO/sensitised bare
electrode/backscattering layer have been included as a black dashed
line in (a) for front illumination and as a pink dashed line in (b) for
rear illumination in order to illustrate the strong dependence of the
light-harvesting capability of this system on the illumination side.
extended strategy for the fabrication of high-performance DSSCs. In
fact, the certified record PCE of 11.9% for a DSSC up to date was
yielded by a device including a 5-𝜇m backscattering layer29. On the
whole, such analysis proved one of the major points of this approach,
that is, its appropriateness for the fabrication of photoanodes for DS-
SCs to operate under bifacial conditions.
Determination of the diffuse properties of the basematerialwould
allow an assessment of its diffusive strength, generally regarded as a
way to evaluate its scattering and light-trapping ability. The haze is
in fact a straightforward manner to easily assess the diffusive char-
acter of a material and it accounts for the fraction of light scattered
by a material and it is defined as the ratio of Td to T of the light
emerging from the material at the exit interface. High haze values
have been reported to yield high 𝜂𝐼𝑃𝐶𝐸34. However, it should not be
regarded as a unequivocal magnitude providing the light-trapping
ability of a material, since it lacks information about essential fac-
tors of the diffuse propagation of light. The haze only considers the
fraction of light being transmitted. Besides, it cannot account for the
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Figure 4.8: Total reflectance (solid lines) and transmittance (dotted
lines) for a system glass/FTO/electrode integrating scattering cen-
tres of size r = (100 ± 15) nm and filling fraction f = 5% (blue lines)
and f = 20% (red lines) (a) before and (b) after dye soaking. The
reflectance and transmittance spectra corresponding to a reference
system devoid of scattering centres have been included as gray lines.
manner the diffuse light is generated and how it contributes to an
improvement of the absorptance by a homogeneous distribution of
dye molecules. Therefore, determination of the R and T spectra are
required for the electrodes prepared herein in order to evaluate their
level of light trapping. Measurement of the diffuse magnitudes of
the electrodes demonstrated that higher Rd was responsible for the
increase of the reflectance displayed in Fig. 4.8(a). After sensitisa-
tion with dye molecules, these electrodes demonstrated a significant
increase of the optical absorptance, Sec. 3.3.2.3 of Ch. 3, as a conse-
quence of multiple scattering, which generated an effect of efficient
light trapping, while displaying negligible reflectance losses at the
entrance interface in the wavelength region where the dye absorbs
most efficiently, Fig. 4.8(b). In contrast, if a material presenting a
high concentration of scattering centres is considered, an inefficient
in-coupling of the light would be expected owing to important re-
flection losses, whereas the small fraction of transmitted light would
mostly propagate diffusively, thus still yielding large haze values. Con-
sequentially, efficient light trapping cannot be expected from such a
system.
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4.5 Electrical characterization of the cells
Bifacial solar cells including optical disorder with diverse conditions
in their photoanodes were built and duly characterised. The electrical
characterisation herein performed includes the determination of the
𝜂𝐼𝑃𝐶𝐸 curves and J-V characteristics so as to assess the effect of inte-
grating optical disorder into the electrode on the performance of the
device as a bifacial solar cell.
As defined in Sec. 2.3.3.3 of Ch. 2, the electron-generation function,
g(z,𝜆), provides the absorption per unit length along the electrode of
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Figure 4.9: Calculation of g(z,𝜆) per unit length for the electrode of
a reference cell under (a) front and (b) rear illumination and for the
electrode of a cell including spherical TiO2 particles of size r = 160 nm
and concentration f = 15% under (c) front and (d) rear illumination.
A thickness of 8 𝜇mwas considered for both electrodes.
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theDSSC. The integration of scattering centres triggers amodification
of g(z,𝜆), thus modifying the absorption profiles in the photoanode.
An example of this is illustrated in Fig. 4.9, where g(z,𝜆) in two types
of electrodes under front and rear illumination is displayed. In partic-
ular, calculations were performed for the electrode of a reference cell
and an electrode integrating r = 160 nm scattering particles in a f =
15% concentration. Comparison between Fig. 4.9(c) and (a) and Fig.
4.9(d) and (b), respectively, revealed an absorption boost deeper in
the film in both cases, especially in the range between ca. 600 nm to ca.
750 nm. Furthermore, light harvesting was improved in regions close
to the photoanode under front illumination, which may result bene-
ficial for devices presenting a low electron collection efficiency, due
to the lower recombination probability associated to electrons gener-
ated at distances closer to the contacts.
The generated photocurrent is strongly dependent on 𝜂𝐼𝑃𝐶𝐸 and,
in fact, according to Eq. 2.29, Jsc is directly related to it. Figures 4.10
and 4.11 reveal how the absorptance enhancement triggered by the in-
clusion of scattering centres resulted in a more efficient performance
of the device. As expected from the absorptance curves analysed in
Sec. 3.3.2.3 of Ch. 3, a broadband enhancement in the 𝜂𝐼𝑃𝐶𝐸 curveswas
mainly observed in the spectral range between ca. 600 nm and ca. 750
nmwhen comparing to a reference cell. The 𝜂𝐼𝑃𝐶𝐸 curves correspond-
ing to the simulated systems reproduced the spectra experimentally
determined. In accordance with the absorptance spectra, the increase
of either of both parameters positively affected the values of the 𝜂𝐼𝑃𝐶𝐸
curves. The noteworthy observation of a similar enhancement trend
under front and rear illumination pointed out the suitability of this
electrode configuration for operation as a bifacial device, as already
indicated by the spectra in Fig. 4.7. The calculated 𝜂𝐼𝑃𝐶𝐸 spectra were
determined as detailed in Sec. 2.3.3.3 of Ch. 2, where only 𝜂𝐿𝐻 and
𝜂𝐶𝑂𝐿 are assumed to contribute. In the calculation of 𝜂𝐶𝑂𝐿, the value
of Le was adjusted for best agreement of the maximum of the gener-
ated 𝜂𝐼𝑃𝐶𝐸 spectra to the corresponding experimental curves, yielding
a value of Le = 18 𝜇m.
The J-V curves of the devices integrating scattering centres with
different conditions were determined in order to assess their perfo-
mance. For each condition, around 5 cells were measured and the re-
sults averaged. These are displayed in Table 4.2, and the curves shown
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in Fig. 4.12 correspond to a representative curve for each case. In order
to assess the PCE enhancement as a function of the scattering centre
conditions, the value of 𝓁𝑠𝑐 weighted by the extinction coefficient of
the dye and integrated along the whole wavelength range, 𝓁†𝑠𝑐, was
included in Table 4.2, calculated according to
𝓁†𝑠𝑐 =
∫𝜆2𝜆1 𝓁𝑠𝑐(𝜆)𝑘𝑑𝑦𝑒(𝜆)𝑑𝜆
∫𝜆2𝜆1 𝑘𝑑𝑦𝑒(𝜆)𝑑𝜆
, (4.1)
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Figure 4.10: Influence of inclusion filling fraction on the 𝜂𝐼𝑃𝐶𝐸 val-
ues. (a) Experimental and (b) calculated 𝜂𝐼𝑃𝐶𝐸 spectra obtained for
solar cells under front illumination. (c) Experimental and (d) calcu-
lated 𝜂𝐼𝑃𝐶𝐸 spectra obtained for solar cells under rear illumination.
The spectra correspond to a reference cell devoid of scattering cen-
tres (gray line) and devices integrating inclusions of size r = (160 ±
50) nm and concentration f = 5% (blue line), f = 10% (green line) and
f = 15% (orange line). The thickness of the electrodes was L = 8 𝜇m.
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Figure 4.11: Influence of inclusion size on the 𝜂𝐼𝑃𝐶𝐸 values. (a) Exper-
imental and (b) calulated 𝜂𝐼𝑃𝐶𝐸 spectra obtained for solar cells under
front illumination. (c) Experimental and (d) calculated 𝜂𝐼𝑃𝐶𝐸 spec-
tra obtained for solar cells under rear illumination. The spectra corre-
spond to a reference cell devoid of scattering centres (gray line) and
devices integrating inclusions of size r = (100 ± 15) nm (blue line),
r = (135 ± 15) nm (green line) and r = (200 ± 25) nm (orange line)
with a filling fraction f = 10% . The thickness of the electrodes was L
= 8 𝜇m.
where, kdye(𝜆) refers to the spectral extinction coefficient of the N719
dye and 𝜆1 and 𝜆2 define the integration range, corresponding to 400
- 800 nm in this case. Following the trend observed in the 𝜂𝐼𝑃𝐶𝐸 spec-
tra, the inclusion of scattering particles improved the performance
of the cells as a consequence of boosting light absorption in the pho-
toanode and such improvement escalated with shorter values of 𝓁†𝑠𝑐,
achieved by either an increase in the size or the concentration of the
inclusions. Besides, the enhancement trendwas preserved regardless
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Figure 4.12: Averaged J-V characteristics for the fabricated solar cells.
(a) J-V curves for cells including scattering centres of size r = (160 ±
50) nm and volume filling fraction f = 5% (blue line), f = 10% (green
line) and f = 15% (orange line) under front and (b) rear illumination.
(c) J-V curves for cells including scattering centres of size r = (100 ±
15) nm (blue line), r = (135 ± 15) nm (green line) and r = (200 ±
25) nm and volume filling fraction f = 10% under front and (d) rear
illumination. The J-V characteristic of a reference solar cell (gray line)
and that yielded by a bare device integrating a backscattering layer
under front (black dashed line) and rear (pink dashed line) illumina-
tion have been included for comparison. The electrode thickness was
around 8 𝜇m in all the cases.
of the illumination side, as expected. PCE values obtained for the cells
integrating scattering centres were above the ca. 5.4% PCE of a refer-
ence cell under front illumination for all the cases. The highest PCEs
obtained during the analysis of both parameters, specifically, f = 15%
- r = (160 ± 50) nm, and f = 10% - r = (200 ± 25) nm, accordingly
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Table 4.2: Averaged experimental electrical parameters yielded by
DSSCs integrating optical disorder with different conditions into
their photoanode. The values were extracted from the J-V curves and
averaged over different cells with the same parameters of the scatter-
ing centres. Data regarding reference cells and devices integrating a
backscattering layer were included for the sake of comparison.
r = (160 ± 50) nm
Cell Illumination Jsc exp. / mA cm−2 Voc / mV FF (%) PCE (%) 𝜂𝑟𝑒𝑎𝑟/𝜂𝑓 𝑟𝑜𝑛𝑡
Reference Front 10.30 ± 0.06 780 ± 2 65.6 ± 0.8 5.3 ± 0.0 0.72 ± 0.0
Rear 7.19 ± 0.02 773 ± 4 69.3 ± 0.2 3.8 ± 0.0
f = 5% Front 11.50 ± 0.30 764 ± 4 63.8 ± 0.8 5.6 ± 0.1 0.74 ± 0.11
𝓁†𝑠𝑐 = 3.3 𝜇m Rear 8.20 ± 0.30 752 ± 1 67.1 ± 0.3 4.2 ± 0.2
f = 10% Front 12.40 ± 0.30 784 ± 6 64.4 ± 0.4 6.2 ± 0.1 0.74 ± 0.09
𝓁†𝑠𝑐 = 1.6 𝜇m Rear 8.68 ± 0.16 779 ± 5 68.1 ± 0.6 4.6 ± 0.1
f = 15% Front 12.90 ± 0.30 782 ± 5 65.3 ± 1.1 6.6 ± 0.1 0.74 ± 0.08
𝓁†𝑠𝑐 = 1.1 𝜇m Rear 9.30 ± 0.40 768 ± 4 68.1 ± 0.8 4.9 ± 0.2
f = 10%
Reference Front 11.02 ± 0.21 750 ± 5 65.1 ± 1.0 5.4 ± 0.4 0.75 ± 0.07
Rear 8.00 ± 0.40 744 ± 6 68.4 ± 0.9 4.1 ± 0.2
r = (100 ± 15) nm Front 12.70 ± 0.60 761 ± 1 63.2 ± 1.1 6.1 ± 0.1 0.77 ± 0.06
𝓁†𝑠𝑐 = 2.5 𝜇m Rear 9.20 ± 0.05 750 ± 2 67.0 ± 0.6 4.7 ± 0.1
r = (135 ± 15) nm Front 12.96 ± 0.14 762 ± 4 64.4 ± 1.4 6.4 ± 0.1 0.78 ± 0.09
𝓁†𝑠𝑐 = 1.3 𝜇m Rear 9.80 ± 0.30 753 ± 2 67.7 ± 1.1 5.0 ± 0.1
r = (200 ± 25) nm Front 13.54 ± 0.12 769 ± 7 64.3 ± 0.5 6.7 ± 0.1 0.80 ± 0.11
𝓁†𝑠𝑐 = 0.8 𝜇m Rear 10.40 ± 0.30 766 ± 6 67.5 ± 0.5 5.4 ± 0.1
Back scattering layer Front 12.70 ± 0.40 762 ± 8 64.6 ± 0.4 6.3 ± 0.1 0.34 ± 0.03
Rear 4.02 ± 0.06 737 ± 8 71.8 ± 0.4 2.1 ± 0.0
corresponding to the shortest 𝓁†𝑠𝑐 in each case, surpassed the PCE of
the cells integrating a backscattering layer under front illumination
(6.3% PCE associated with an averaged Jsc = 12.70 mA cm−2) and,
evidently, under rear illumination. A maximum PCE of 6.7%, bold in
Table 4.2, associated with an averaged Jsc = 13.54 mA cm−2, was at-
tained under front illumination for the shortest 𝓁†𝑠𝑐 value, namely, 𝓁†𝑠𝑐 =
0.8 𝜇m, as expected, which corresponds to a 25% enhancement with
respect to a reference cell. Along the same lines, these conditions also
yielded the best performance under rear illumination, particularly a
5.4% PCE, also bold in Table 4.2, which highly differs from the 2.1%
yielded by the cell including a backscattering layer under rear illu-
mination. When comparing to a reference cell, this 5.4% PCE value
corresponds to a 33% enhancement. The reason for the lower Jsc val-
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ues under rear-side operation resides in a lower fraction of intensity
reaching the photoanode owing to the corresponding absorption and
reflection of light by the additional layers, i.e. the Pt coating and the
electrolyte layer, presenting the latter an important absorption peak
near 𝜆 = 400 nm. This comparison revealed the potential for compet-
itiveness of the inclusion of optical disorder as a means to boost light
harvesting when compared to other standard methods that are exclu-
sively valid for one-side illumination. The value 𝓁†𝑠𝑐 = 0.8 𝜇m for the
conditions f = 10% - r = (200 ± 25) nm was 10 times shorter than
the thickness of the photoanode. This indicated that light underwent
several scattering events before reaching the opposite side of the sen-
sitised electrode, significantly enlarging the path length of the light
inside it and thus increasing the probability of absorption by any dye
molecule. Such value of 𝓁𝑠𝑐 was therefore consistent with the observa-
tion of an improvement of the absorptance. Typically, high efficiency
bifacial DSSCs comprise photoanodes of thickness around 15 𝜇m. If
optical disorder was integrated in sensitised films of such thickness
and employed for the fabrication of devices, the model predicts PCE
rear and front side enhancements above 20%. Experimental observa-
tions indicated there was a limit to the volume of inclusions to be in-
tegrated in the film before suffering from mechanical instability and
delamination.
Regardless of the conditions of the inclusions in the electrodes, the
values of Voc and FF of the devices scarcely fluctuated, yielding values
around Voc = 760mV and FF = 65% under front illumination and Voc
= 750 mV and FF = 68% for rear-side illumination. Let us point out
that these values of the electrical parameters were in line with those
reported for state-of-the-art devices using Pt as catalytic material. Be-
sides, the PCE values obtained for themost efficient cells were among
the largest reported for bifacial devices employing Pt as catalytic ma-
terial and standard electrode thickness, < 10 𝜇m4–6,8–14. What is more
important, the Jsc and PCE values yielded under rear illumination by
the cells fabricated herein surpassed most of those reported for the
standard cell configuration employed in this approach, even though
the thickness of the active layer of the devices herein fabricated was
at least around 25% thinner than the ones for which the largest effi-
ciencies have been reported. For instance, S. Ito et al.3 reported a 5.62%
efficiency under rear illumination, only around 0.2% higher than the
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corresponding best PCE in this study, for a cell comprising a 16-𝜇m
thick electrode, just twice the thickness of the electrodes considered
herein. D. Song et al.10 built a reference cell integrating a Pt-coated
countereletrode, which yielded a 4.69% PCE under rear illumination
for a 12-𝜇m thick electrode, still one third larger than the 8-𝜇m elec-
trodes of the cells characterised in this study. Maximum values of
PCE under rear illumination from 2.47% up to 3.56% have been re-
ported for Pt-coated counterelectrodes in cells integrating a standard
10-𝜇m thick TiO2 electrode9,11–13,15. Hence, a proper optimisation of
the optical design of the bifacial solar cell allows a signicant reduc-
tion of the electrode thickness.
In terms of cell performance, the random nature of this approach
responsible for a rather independent behaviour of the devices on the
illumination side became evident when inspecting the rear/front ef-
ficiency ratios displayed in the last column of Table 4.2, which re-
mained virtually invariable. This implies that a decrease of 𝓁†𝑠𝑐 caused
a similar improvement of the performance of the cell under front and
rear illumination, therefore demonstrating their operation as highly
bifacial devices and proving the efficacy of this approach as an effec-
tive route toward high performance cells displaying a greatly bifacial
character. In particular, a maximum 𝜂𝑟𝑒𝑎𝑟/𝜂𝑓 𝑟𝑜𝑛𝑡 = 80% was yielded
by the most favourable case. Additionally, the majority of approaches
reported in the literature for the improvement of the performance of
DSSCs are compatible with the inclusion of optical disorder in the
photoanode herein proposed.
The real value of 𝜂𝐶𝑂𝐿(𝜆) could be roughly estimated from exper-
imental data. According to Eq. 2.29, Jsc is related to 𝜂𝐼𝑃𝐶𝐸(𝜆). 𝜂𝐼𝑁𝐽(𝜆)
and 𝜂𝑅𝐸𝐺(𝜆) can be generally assumed 1. In this picture, Eq. 2.29 can
be then re-written as:
𝐽𝑠𝑐 = 𝑞∫
𝜆2
𝜆1
𝜂𝐿𝐻(𝜆)𝜂𝐶𝑂𝐿(𝜆)𝛷(𝜆)𝑑𝜆. (4.2)
After demonstrating an excellent agreement between the measured
and the calculated absorptance spectra, one can expect that any devia-
tion of the experimental values of Jsc from the calculationswould orig-
inate from a non-unity 𝜂𝐶𝑂𝐿(𝜆). Therefore, comparison between the
experimental Jsc and that yielded by simulations for themost favoura-
ble situation, displayed in Fig. 4.4, could provide an estimation of the
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Figure 4.13: Estimation of the electron collection efficiency, 𝜂𝐶𝑂𝐿, for
devices integrating inclusions in different concentrations under (a)
front and (b) rear illumination. 𝜂𝐶𝑂𝐿 values (dark yellow dots) were
estimated through the expression 𝜂𝐶𝑂𝐿 = J
exp
sc /Jcalcsc from the values
of Jsc yielded by the devices, J
exp
sc (blue squares), and those extracted
from the simulated systems, Jcalcsc (green squares).
real 𝜂𝐶𝑂𝐿(𝜆). As shown in Fig. 4.13, 𝜂𝐶𝑂𝐿(𝜆) ≈ 0.9 could be extracted
from such comparison, which was consistent with the 18 𝜇m electron
diffusion length previously estimated. This value close to 1 indicated
that the electrical properties of the cells were not significantly com-
promised by the integration of scattering centres in the electrodes,
therefore not affecting charge transport, as it has been demonstrated
by means of Electrical Impedance Spectroscopy for other systems in-
tegrating scattering elements48,49.
4.6 Conclusions
In this chapter, a combined theoretical-experimental approach for the
fabrication of high-performance bifacialDSSCs bymeans of randomly
distributing submicron TiO2 inclusions in their photoanodes has been
developed and presented. An optical design based on calculations al-
lowed sweeping the phase space of the scattering inclusion features,
that is, size and volume filling fraction, so as to find the optimum
design providing the highest PCE.
The random inclusion of scattering centres was proved in a previ-
ous chapter to induce a broadband enhancement of the absorptance
of thisMie glass-based photoanodewhen sensitisedwith an absorbing
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dye, specifically, N719. Measurements of the absorptance under front
and rear illumination evinced the independence of such improvement
on the illumination side as a consequence of the disordered nature of
the approach.
An electrical characterisation of the solar cells revealed a gradual
increment of the Jsc values in devices integrating scattering centres,
thus resulting in higher PCEs, when increasing either the volume fill-
ing fraction or the size of the particles, which induced a decrease of 𝓁†𝑠𝑐.
Furthermore, this improvement resulted independent on the illumi-
nation direction, evidenced by the high front to rear efficiency ratios
yielded by the devices, for which a maximum 80%was obtained. The
possibility of optically designing the device enabled the fabrication
of cells providing values of the relevant PV parameters comparable
to those reported for state-of-the-art bifacial devices comprising stan-
dard cell components, which generally include electrodes at least 25%
thicker than thosemodified herein considered. This proved the poten-
tial of this approach, demonstrating that a proper optical design can
significantly reduce the thickness of the active layer for an efficient
bifacial DSSC, thus requiring less amount of material for fabrication.
Moreover, this modification of the working electrode can be comple-
mented by any method for enhanced performance under rear illumi-
nation. An advantage of this approach is the possibility of extension
to other systems inwhich a fine tuning of the disorder propertiesmay
be proved favourable, therefore offering potential benefits for the de-
velopment of other optoelectronic devices in which an accurate con-
trol of light absorption and emission are sought for.
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5 Mie glasses for light emission applications
5.1 Introduction
From lighting of households or workplaces to more specific applica-
tions, such as backlighting in screens or traffic lights, artificial illumi-
nation has become an essential requirement in the daily activities of
the current civilisation. The targeted application defines the charac-
teristics of the light, such as colour, intensity or even directionality.
For that reason, the devising of routes allowing an efficient genera-
tion of light with tunable properties appears as a task of uttermost
importance. In that regard, a revolution started with the entrance of
LEDs into the market. These devices usually present a PC-LED struc-
ture, which rely on a conversion layer for the down-shifting of light
emitted by an LED chip. Colour conversion is therefore a fundamen-
tal step in the process of light generation.
Conversion layers usually included in commercial lamps are con-
stituted by phosphor crystals of a size around a fewmicrons. As a con-
sequence, these films present high opacity. The lack of transparency
hinders a design of their optical response. Optical quality is required
in a film as a starting point in order to controllably tune its optical
properties bymeans of any approach entailing the integration of pho-
tonic structures. Besides, the lack of transparency hinders their suit-
ability for use as transparent emissive screens and therefore their ap-
plication in displays. Total internal reflection of light inside the high-
refractive index of the different elements comprising LEDs leads to
light guiding and subsequent escape through the edges, thus result-
ing in unusable light, which is known for being one of the principal
causes of efficiency loss in LEDs1,2. The inclusion of scattering struc-
tures has been widely employed as a means to tackle this issue in
different sorts of light-emitting devices3–10. In an attempt to enhance
the luminescence of emitters through plasmonic approaches, the in-
clusion of metallic structures has also been tested11–15. Nevertheless,
large absorption losses are expected in the excitation range of the
phosphors when compared to dielectric inclusions16. The problem
has been thoroughly studied for LEDs integrating a RE-based con-
version layer17. Nonetheless, the limitations imposed by the nature
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of the materials have hindered the development of new strategies for
the tuning and enhancement of light extraction.
This chapter presents a discussion on the use of different types of
Mie glasses as efficient colour converters. In the first section, the TiO2-
based Mie glass is infiltrated with an emitting dye and the changes
in the PL in relation to the conditions of the introduced disorder are
inspected. The emission of the material is characterised for different
size and concentration conditions of the scattering centres and several
aspects are analysed. The study demonstrates how optical disorder
enables PL enhancement through a combination of resonant excita-
tion and a more efficient extraction of the light, which is justified by
the 𝓁𝑠𝑐 values of the material at the wavelengths of interest. The sec-
ond section investigates the effect of the presence of optical disorder
in a Mie glass based on a luminescent matrix on its PL. Besides, the
material is susceptible to be supported in a polymeric matrix for the
development of a flexible version. In particular, a PL enhancement
dependent on the disorder conditions is revealed, which is demon-
strated to exclusively derive from amore efficient out-coupling of the
generated light from the film. Static and dynamic PL measurements
are demonstrated to enable an analysis of the range of the disorder pa-
rameters where the integration of scattering particles boosts the PL of
the film.
5.2 TiO2 inclusions in aTiO2matrix for efficient colour
conversion
The Mie glass has been introduced as a low-cost material integrating
optical disorder in a controlledmanner that allows the study of funda-
mental aspects of the propagation of light in turbid media by means
of an analytical formalism. Specifically, Sec. 3.3 in Ch. 3 includes a
full study on the optical properties of a Mie glass consisting of TiO2
inclusions in a mesoporous TiO2 matrix, which has been proved to
behave as a solid dilute suspension of spheres. Accordingly, its scat-
tering properties have been demonstrated to be susceptible to be de-
signed prior to fabrication. Nevertheless, the potential of Mie glasses
does not reside entirely on the easy tuning of their scattering prop-
erties for a desired optical response. Their high specific surface area,
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Figure 5.1: Normalised excitation (blue line) and emission (red line)
spectra of the Lumogen® F Red 305 fluorophore.
≈ 150 m2⋅cm−3, enables infiltration with an emitting dye, whose lu-
minescence properties can be significantly altered by the presence of
strongly scattering particles. This feature reveals the capability of the
developedmaterial for implementation in light emission applications.
In this section, the Mie glass based on a mesoporous TiO2 matrix is
demonstrated to yield improved emission when sensitised with lumi-
nescent organic molecules in comparison to a bare sensitised porous
anatase film, therefore proving its potential as an efficient colour con-
verter.
Lumogen® F Red 305 dye was employed for sensitisation of the
films through adsorption to the TiO2-nanoparticle matrix. This is an
appealing fluorophore in the field of solid-state lighting owing to its
chemical stability and high quantum yield15 as compared with other
organic molecules. Figure 5.1 shows the excitation and emission spec-
tra of this fluorophore, which reveals three main excitation peaks at
𝜆𝑝𝑢𝑚𝑝 = 440 nm, 𝜆𝑝𝑢𝑚𝑝 = 530 nm and 𝜆𝑝𝑢𝑚𝑝 = 575 nm, and one main
emission line at ca. 𝜆𝑒𝑚 = 616 nm. Details about the infiltration pro-
cess are available in theMethods chapter. Fourier image spectroscopy,
a technique detailed in Ch. 2, allowed the determination of the an-
gular dependence of the PL of the sensitised films, Fig. 5.2, which
consisted in a bare mesoporous TiO2 film andMie glasses integrating
scattering centres with the size and concentration values r = (95± 20)
nm - f = 5%, r = (225 ± 20) nm - f = 5% and r = (225 ± 20) nm - f =
10%. Figure 5.2(a) illustrates the angular-dependent PL of a reference
film, i.e. a mesoporous TiO2 matrix infiltrated with the red-emitting
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Figure 5.2: Normalised angular-dependent PL spectra for (a) a sensi-
tised reference film and sensitised films integrating inclusions with
the conditions (b) r = (95 ± 20) nm - f = 5%, (c) r = (225 ± 20) nm
- f = 5% and (d) r = (225 ± 20) nm - f = 10%. The films were excited
at 𝜆𝑝𝑢𝑚𝑝 = 532 nm. Thickness of the film was 7.5 𝜇m for all the cases.
The spectra were normalised to the maximum value obtained for the
measurement yielding the most intense PL.
dye, when excited at 𝜆𝑝𝑢𝑚𝑝 = 532 nm by a laser diode. The emitted
light revealed a Lambertian profile, typical of an optically flat lumi-
nescent film. The integration of scattering centres boosted the emis-
sion intensity while preserving the angular profile, Fig. 5.2(b)-(d),
and an increase of size and/or concentration of the inclusions led to
a more intense PL. The PL enhancement was quantified through the
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enhancement factor, 𝛽𝑡𝑜𝑡(𝜆𝑝𝑢𝑚𝑝, 𝜆𝑒𝑚), defined as
𝛽𝑡𝑜𝑡(𝜆𝑝𝑢𝑚𝑝, 𝜆𝑒𝑚) =
∫𝜆2𝜆1 𝑃𝐿(𝜆𝑝𝑢𝑚𝑝, 𝜆𝑒𝑚)𝑑𝜆𝑒𝑚
∫𝜆2𝜆1 𝑃𝐿𝑟𝑒𝑓 (𝜆𝑝𝑢𝑚𝑝, 𝜆𝑒𝑚)𝑑𝜆𝑒𝑚
= 𝛽𝑝𝑢𝑚𝑝(𝜆𝑝𝑢𝑚𝑝)⋅𝛽𝑒𝑚(𝜆𝑒𝑚),
(5.1)
being PL(𝜆𝑝𝑢𝑚𝑝, 𝜆𝑒𝑚) the photoluminescence spectrum of the corre-
sponding Mie glass, PLref(𝜆𝑝𝑢𝑚𝑝, 𝜆𝑒𝑚) that of a reference film of com-
parable thickness, while 𝜆1 and 𝜆2 establish the integration range.
The total PL enhancement (𝛽𝑡𝑜𝑡(𝜆𝑝𝑢𝑚𝑝, 𝜆𝑒𝑚)) can be originated by phe-
nomena occurring at the pumping wavelength, 𝛽𝑝𝑢𝑚𝑝(𝜆𝑝𝑢𝑚𝑝), or at
the emission wavelength, 𝛽𝑒𝑚(𝜆𝑒𝑚), of the dye molecules. On the one
hand, PL can be boosted owing to resonant excitation, inducing a
more efficient absorption of the pumping light by the dye molecules.
For shorter values of 𝓁𝑠𝑐, the probability of a photon undergoing an
scattering event increases, therefore enlarging the average path length
of the light inside the film, yielding longer matter-radiation interac-
tion times and resulting in a higher effective absorption cross sec-
tion of the luminescent molecules, as previously corroborated in Sec.
3.3.2.3 of Ch. 3 for the dye N719. Table 5.1 includes the calculated
𝓁𝑠𝑐 values for the three materials under consideration at the differ-
ent pumping wavelengths. On the other hand, a more intense PL can
originate from an enhanced out-coupling of the emitted light in de-
fined directions or from the spatial fluctuation of the local density
of optical states, LDOS, typical of complex random media18,19, which
may involve an increase of the QY of the system. However, due to
insufficient light scattering, only the former effect could be expected
to play an important role on the luminescence enhancement in the
Mie glasses herein studied. In fact, a modification of the LDOS as the
Table 5.1: Scattering mean free path values at the different pumping
wavelengths for the considered films.
𝓁𝑠𝑐 / 𝜇m
𝜆𝑝𝑢𝑚𝑝 = 440 nm 𝜆𝑝𝑢𝑚𝑝 = 530 nm 𝜆𝑝𝑢𝑚𝑝 = 575 nm
r = (95 ± 20) nm - f = 5% 1.3 5.0 6.1
r = (225 ± 20) nm - f = 5% 1.4 1.6 1.6
r = (225 ± 20) nm - f = 10% 0.7 0.8 0.8
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phenomenon originating a PL enhancement is not likely. The PL in-
tensity of the emitting molecules is dependent on the radiative decay
rate of the electrons in an excited state, which is a function of the
LDOS. However, no significant variation of the LDOS is expected as
a consequence of including scattering centres in such a low concen-
tration. Thus, it can be reasonably assumed that no quantum yield
enhancement is expected through this effect. Besides, a convenient
variation of the LDOS leading to an improvement of the photoemis-
sion requires the design of a very specific optical environment partic-
ularly conceived to that purpose19,20, far from the case herein studied.
The presence of inclusions is therefore expected to improve the out-
coupling of light due to efficient light scattering, leading to a higher
probability of light reaching thematerial-air interface at angleswithin
the escape cone. This means that light emitted at an angle above the
critical angle could certainly have a probability to be effectively ex-
tracted as usable light. Figure 5.3 displays the variation in the PL in-
tensity with respect to the conditions of the scattering centres in the
different studied films in relation to 𝜆𝑝𝑢𝑚𝑝. The PL of the films was
characterised by means of an integrating sphere coupled to a spec-
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Figure 5.3: Normalised PL spectra for a sensitised reference film (gray
line) and sensitised films integrating scattering centres with the con-
ditions r = (95 ± 20) nm - f = 5% (blue line), r = (225 ± 20) nm - f =
5% (green line) and r = (225 ± 20) nm - f = 10% (orange line) under
excitation at (a) 𝜆𝑝𝑢𝑚𝑝 = 440 nm, (b) 𝜆𝑝𝑢𝑚𝑝 = 530 nm and (c) 𝜆𝑝𝑢𝑚𝑝 =
575 nm. The spectra were normalised to the highest value yielded by
the reference film. Thickness of the film was 7.5 𝜇m for all the cases.
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Figure 5.4: Absorptance spectra for a sensitised reference film (gray
line) and films integrating scattering centres with the conditions r =
(95 ± 20) nm - f = 5% (blue line), r = (225 ± 20) nm - f = 5% (green
line) and r = (225 ± 20) nm - f = 10% (orange line).
trofluorometer, as detailed in Ch. 2, which allowed collection of the
light emitted in all directions. The PL was enhanced for all the Mie
glasses when comparing to a reference film, Fig. 5.3. 𝛽𝑝𝑢𝑚𝑝 at a spe-
cific wavelength was obtained for each film through determination of
their absorptance and comparing to that for a reference film of com-
parable thickness devoid of scattering centres, so that 𝛽𝑝𝑢𝑚𝑝 =
𝐴𝑀𝑖𝑒
𝐴𝑟𝑒𝑓
,
where AMie refers to the absorptance of the sensitisedMie glass under
consideration and Aref to that of a reference film, which are shown
in Fig. 5.4. The values obtained for 𝛽𝑝𝑢𝑚𝑝 at the three different pump-
ing wavelengths considered for the studied films are displayed in Ta-
ble 5.2. The total emission enhancement (𝛽𝑡𝑜𝑡) for each condition of
scattering centres at the three different pumping wavelengths is illus-
trated in Fig. 5.5. Here, the length of the bar accounts for 𝛽𝑡𝑜𝑡, while
Table 5.2: Absorptance enhancement factor (𝛽𝑝𝑢𝑚𝑝) at the different
pumping wavelengths for the films under consideration.
𝛽𝑝𝑢𝑚𝑝(𝜆𝑝𝑢𝑚𝑝)
𝜆𝑝𝑢𝑚𝑝 = 440 nm 𝜆𝑝𝑢𝑚𝑝 = 530 nm 𝜆𝑝𝑢𝑚𝑝 = 575 nm
r = (95 ± 20) nm - f = 5% 1.32 1.37 1.27
r = (225 ± 20) nm - f = 5% 1.28 1.62 1.62
r = (225 ± 20) nm - f = 10% 1.75 2.29 2.36
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Figure 5.5: PL enhancement for each considered film excited at the
three main excitation wavelengths. The length of each bar corre-
sponds to the total PL enhancement, 𝛽𝑡𝑜𝑡, the blue region accounts
for the fraction of 𝛽𝑡𝑜𝑡 originating from an improvement at the wave-
length of excitation, 𝛽𝑝𝑢𝑚𝑝, and the dark yellow region indicates the
fraction of 𝛽𝑡𝑜𝑡 deriving from amore efficient out-coupling of the gen-
erated light, 𝛽𝑒𝑚.
the blue region corresponds to the fraction of the emission enhance-
ment caused by an increase of the absorptance, namely, 𝛽𝑝𝑢𝑚𝑝. This
representation indicates that most of the PL enhancement was a con-
sequence of an increased absorption of light by the dye molecules
at the pumping wavelength caused by the scattering of light, which
could be therefore explained in terms of 𝓁𝑠𝑐. This means that a film
integrating scattering centres is equivalent to a film devoid of inclu-
sions of larger thickness. Besides, the fraction of 𝛽𝑡𝑜𝑡 owing to a more
efficient extraction of light, quantified through 𝛽𝑒𝑚 and indicated by
a dark yellow area in Fig. 5.5, revealed a general increasing trend for a
higher inclusion concentration or size due to shorter 𝓁𝑠𝑐 values, accord-
ing to Table 5.1. This demonstrated that a larger number of scattering
events increased the probability that photons reached the film/air in-
terface at an angle within the escape cone, therefore resulting in an
average increase of the light extracted from the material. For this rea-
son, for a small size and low volume filling fraction of inclusions, as it
was for the case r = (95± 20) nm - f = 5%, 𝛽𝑡𝑜𝑡 roughly equaled 𝛽𝑝𝑢𝑚𝑝,
regardless of the pumping wavelength. A maximum 𝛽𝑡𝑜𝑡 of 2.68 was
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attained for the conditions r = (225 ± 20) nm - f = 10%, for which
𝛽𝑝𝑢𝑚𝑝 = 2.27 at a pumping wavelength 𝜆𝑝𝑢𝑚𝑝 = 530 nm.
All of the above confirmed that a tuning of light scattering inMie
glasses enables a fine control over the spontaneous emission intensity
of luminescent molecules adsorbed to their porous matrix through
modification of light absorption at the pumpingwavelength and light
out-coupling over a large area.
5.3 TiO2 scattering centres in a luminescent matrix
The materials comprising theMie glass addresses in the previous sec-
tion are susceptible to be replaced by another material if resulting
more suitable for specific applications. The optical response would
be preserved as long as the refractive index of the material is simi-
lar to that of TiO2. For instance, the TiO2 matrix can be replaced by
a mesoporous luminescent material. This would produce a new opti-
cally disorderedmediumpresenting similar diffusive properties than
its TiO2 analogous plus the additional feature of light emission. This
extra property endows the material with suitability for applications
related to light emission.
As previously mentioned, a colour-converting material is gener-
ally required for light generation in commercial LEDs. Exhaustive
studies on the suitability of RE-dopedmaterials for this purpose have
been performed21–23. In fact, a common route for the fabrication of
adaptable andversatile colour conversion coatings for integration into
LED devices consists in the dispersion of RE phosphors in a poly-
meric matrix24–26. The base material addressed in this section com-
prises an inorganic matrix doped with RE cations, endowing it with
luminescent properties. In the first place, the fabrication and opti-
cal characterisation of mesoporous transparent films of this material,
with a refractive index comparable to that of TiO2, which is suscep-
tible to be transferred into a flexible support, is depicted. From that
starting point, spherical TiO2 scattering centres are randomly distrib-
uted inside this luminescent matrix in the same fashion than theMie
glass depicted in the previous section, giving rise to a new random
medium capable of yielding light emission. Eventually, the lumines-
cent properties of this material are analysed in terms of the condi-
173
5.Mie glasses for light emission applications
tions of the optical disorder included and the emission enhancement
triggered by the presence of scattering particles is quantified. The po-
tential of this material resides in the possibility of use as a colour-
converting material for light-emitting applications.
5.3.1 Flexible and transparent luminescent mesoporous films
Asequential procedure based on solution-processingmethods for the
fabrication of a flexible and transparent film capable of displaying lu-
minescence was developed. With that purpose, crystalline nanoparti-
cles doped with RE cations were synthesised following a procedure
already reported, as indicated in Sec. 2.1.3.1 in Ch. 2. These parti-
cles present luminescence when excited with light of the appropri-
ate wavelength and are therefore suitable for operation as phosphors.
Specifically, these phosphors consist of a crystalline gadolinium vana-
date (GdVO4) matrix co-dopedwith trivalent cations of bismuth and
europium (GdVO4:Bi3+,Eu3+). As previously mentioned in theMeth-
ods chapter, nanoparticles of cubic shape and an average size of (36
± 7) nm resulted from the synthesis. Due to the small size of the
particles, they could be employed for the preparation of films yield-
ing high transparency. Although the synthesis produced phosphors
in an amorphous phase, the thermal treatment required to achieve
mechanical stabilisation of the films modified their internal structure
into a crystalline phase. Solid porous luminescent films were fabri-
cated using crystalline nanophosphors as base material, SEM image
in Fig. 5.6(a). The GdVO4 matrices were co-doped with Bi3+, since
this caused a broadening of the excitation spectrum, thus enabling
excitation at wavelengths closer to the visible region of the spectrum,
as evidenced by the spectra displayed in Fig. 5.6(b). This would be
profitable, considering the potential of such films as conversion lay-
ers in light-emitting applications dependent on UV radiation for ex-
citation. The peak below 300 nm in the excitation spectrum derives
from energy absorption by the VO3−4 ions, which is later on efficiently
transferred to the Eu3+ centres. In the spectrum, this absorption is
followed by a broad decay up to 400 nm originated from energy ab-
sorption by the Bi3+ centres to be subsequently transferred into the
Eu3+ cations. Eu3+ cations can also be directly excited at around 𝜆 =
393 nm. It is not however visible in the spectrum owing to its low ab-
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Figure 5.6: (a) SEM cross section image of a nanophosphor-based
film deposited from a viscous paste by doctor blade. (b) Excitation
(blue) and emission (red) spectrum of a mesoporous film compris-
ing GdVO4:Bi3+,Eu3+ nanophosphors. The excitation spectrum of an
analogous film consisting of phosphors devoid of Bi3+ (dashed pink
line) has been included for the sake of comparison. The excitation
wavelength 𝜆 = 365 nm used in this study has been pointed out with
a dashed black line.
sorption cross section in comparison to that for mediated GdVO4:Bi3+
matrix excitation. As for the PL, an intense and narrow emission peak
is visible around 𝜆= 617 nm, in the red part of the spectrum, derived
from the electric-dipole transition 5D0 → 7F2 of Eu3+ cations. Aiming
at UV-emitting LED integration, 𝜆 = 365 nm was purposely chosen
as excitation wavelength.
The films should desirably present maximum extinction of the in-
cident light at the excitation wavelength. In order to determine the
minimum thickness required for maximum absorption, a study on
the variation of the absorptance of a nanophosphor film with layer
thickness was performed. Such study revealed that a film with thick-
ness around 4 𝜇m absorbed up to 76% of the incident light at 𝜆 =
365 nm, as Fig. 5.7(a) reveals. The corresponding R and T spectra are
included in Fig. 5.7(b). Quartz was employed as a substrate so as to
avoid any absorption component not originated at the nanophosphor
film. Thicker layers would result inconvenient if maximum bright-
ness is sought for, since no light would remain available to be ab-
sorbed beyond a depth around 4 𝜇m at the wavelength of interest23.
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Figure 5.7: (a) Absorptance and (b) total reflectance and transmit-
tance spectra of a nanophosphor-based film with thickness around 4
𝜇m.
As previously pointed out, the nanometric size of the phosphors
allowed the preparation of films displaying high transparency in the
visible range of the spectrum, as evidenced in Fig. 5.8(a) for a 4-𝜇m
thick layer. Indeed, UV-light irradiation triggered intense red emis-
sion for both versions of the film, as demonstrated by the picture
in Fig. 5.8(b). Besides, these luminescent films were expected to pre-
serve the excellent thermal stability of the crystalline nanophosphors,
a known feature of this sort of particles. The situation was however
different for the flexible version. Here, the nanophosphors were en-
capsulated in a polymeric material endowing the filmwith flexibility.
Figure 5.8: (a) Picture of a 4-𝜇m nanophosphor film displaying high
transparency in the visible range. (b) Picture of a rigid and a flex-
ible nanophosphor-based film under UV irradiation. The films dis-
play intense red emission originated by the energy transfer from the
GdVO4:Bi3+ matrix into the Eu3+ centres.
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Figure 5.9: Thermogravimetric analysis of the flexible films compris-
ing a nanophosphor layer embedded in PMMA.
In this case, the thermal stability of the film was predominantly re-
stricted to that of the embedding material. In effect, the thermogravi-
metric analysis displayed in Fig.5.9 demonstrates that the thermal sta-
bility of the flexible film was dictated by that of the PMMA, which
remains stable up to 250𝑜C, and therefore resulting compatible with
high-power LED devices.
In short, all of the above proves the feasibility of highly transpar-
ent rigid and flexible luminescent films based on nano-sized phos-
phors, which display intense red PL under irradiation with light in
the UVA region, that is, 𝜆𝑝𝑢𝑚𝑝 > 350 nm. With that purpose, a proce-
dure based on low-cost solution-processing methods was developed.
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Figure 5.10: (a) PL spectrum of a light-emitting film comprising
GdVO4:Bi3+,Dy3+ nanophosphors. (b) Picture of a rigid and a flex-
ible film fabricated with Dy3+-based nanophosphors.
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One of themain advantages of such procedure is its generality, which
enables extension to other colour-emitting nanophosphors. For ins-
tance, the Eu3+ centres can be replaced by Dy3+, yielding films based
on GdVO4:Bi3+,Dy3+ nanophosphors, which display a greenish lumi-
nescence due to themain emission lines at 𝜆=482 nmand 𝜆=570 nm.
Both the emission spectrum and a picture of a rigid and a flexible film
based on Dy3+-doped nanophosphors under UV radiation are visible
in Fig. 5.10(a) and (b), respectively. These luminescent films present
the potential to be integrated into LEDs as a colour converter. Besides,
a self-standing flexible colour converter is particularly attractive due
to its ease of implementation and transport.
5.3.2 Optically random material based on a luminescent matrix
This section presents a study of the optical response of thematerial re-
sulting from the integration of scattering centres into these transpar-
ent luminescent films, followed by an analysis of their luminescent
properties in terms of the conditions of the scattering centres.
5.3.2.1 Scattering centre integration
Following the procedure established in this thesis for the inclusion of
optical disorder in transparent matrices, a new optically disordered
mediumwas fabricated by randomly distributing spherical TiO2 scat-
tering centres in a nanophosphormatrix. Specifically, nanocrystalline
anatase spheres of radius r = (225 ± 20) nm were employed as scat-
tering elements. Details on how to integrate these scattering centres
in the nanophosphor matrix are available in Sec. 2.1.2.3 in Ch. 2. Fig-
ure 5.11(a), showing a film integrating scattering centres in a 10%
volume concentration, proves that the Mie glass structure was main-
tained, thus allowing a similar discussion. It was therefore legitimate
to assume that filling fraction values from 5% to 15% can be consid-
ered low enough to enable a description of light scattering exclusively
dictated by single-particle considerations. In line of the disorder char-
acterisation performed for the TiO2-basedMie glass, Sec. 3.3.2.1 of Ch.
3, 𝓁𝑠𝑐 was calculated for different concentration values in the range 5
- 15% in order to assess the effect of increasing the concentration of
inclusions on the optical response of the material, Fig. 5.11(b). A 50%
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Figure 5.11: (a) SEM cross section image of a nanophosphor film inte-
grating spherical TiO2 scattering centres in a 10% volume concentra-
tion. The inclusions and the substratewere shadedwith colour for the
sake of clarity. (b) Spectral 𝓁𝓈𝒸 curves calculated employing Mie for-
malism for systems comprising a nanophosphor film including TiO2
spheres of size r = (225 ± 20) nm surrounded by an air shell of thick-
ness 0.43r and concentration f = 5% (red), f = 10% (orange), f = 12%
(blue) and f = 15% (green). The polydispersity in the size of the scat-
tering centres was taken into account for the calculations.
porosity was assumed for the nanophosphor matrix and an air layer
of thickness 0.43r, where r is the radius of the scattering inclusions,
surrounding each scattering particle was taken into account. Polydis-
persity in the size of the scattering spheres was considered in the
calculations. The optical constants employed for the 𝓁𝑠𝑐 calculations
according to the Mie formalism are presented in Fig. 5.12. Higher fill-
ing fraction values entail lower 𝓁𝑠𝑐 values, namely, higher scattering
strength. In effect, these 𝓁𝑠𝑐 curves display a similar trend than those
for the Mie glass comprising a TiO2 matrix already displayed in Sec.
3.3.2.1 of Ch. 3. Such similarity had been anticipated due to the com-
parable optical refractive index of the nanophosphor matrix to that of
a porous anatase matrix. Whereas the nanophosphor-based film dis-
played high transparency in the visible range of the spectrum, the in-
clusion of optical disorder triggered diffuse propagation of part of the
traveling light, thus increasing its opacity. As a consequence, the film
acquired a whitish appearance typical of turbid media, Fig. 5.13(a).
The loss of transparency was evidenced by the reduction of the inten-
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Figure 5.12: Optical constants of the materials considered in the sim-
ulations. (a) Real part of the complex refractive index. (b) Imaginary
part of the complex refractive index.
sity of Tb, Fig. 5.13(b), further corroborating the trend revealed by the
calculated 𝓁𝑠𝑐 curves in Fig. 5.11(b).
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Figure 5.13: (a) Picture of a 4-𝜇m nanophosphor film including crys-
talline TiO2 spheres in a 5% volume concentration. The integration of
scattering particles triggers diffuse propagation of the light. (b) Bal-
listic transmittance yielded by a reference nanophosphor film (gray)
andnanophosphor films integrating scattering particles in a 5% (red),
10% (orange), 12% (blue) and 15% (green) concentration.
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5.3.2.2 Optical disorder as a route towards efficient light out-coupling
in luminescent films
Based on the results presented in Sec. 5.2, which demonstrated the en-
hancement of the extraction of light from a similarmaterial due to the
presence of scattering centres, the integration of identical inclusions
in order to boost the emission efficiency of these films via increased
out-coupling of the generated light was proposed. Owing to the pos-
sibility of tailoring the amount of disorder, the approach introduces
the novelty of offering tuning of the out-coupling of the emitted light.
In order to explore the relationship between the PL enhancement,
that is, 𝛽𝑡𝑜𝑡, and the amount of optical disorder introduced in the
film, TiO2 spherical particles were randomly integrated with differ-
ent conditions, namely, spheres of size r = (225 ± 20) nm in concen-
trations 5%, 10%, 12% and 15%. As Fig.5.14(a) illustrates, the PL of
a nanophosphor film is preserved after transference into a flexible
polymeric support. PMMA was employed as polymer due not only
to the high optical quality of the resulting films, but also to the neg-
ligible absorption of the polymer in the visible range and especially
at the excitation wavelength of the phosphors chosen for the study,
namely, 𝜆 = 365 nm, as evidenced by Fig. 5.14(b). In light of this
observation, the complete analysis was performed on rigid films for
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Figure 5.14: (a) Normalised PL spectra for a 4-𝜇m GdVO4:Bi3+,Eu3+
nanophosphor film infiltrated with PMMA under irradiation at 𝜆 =
365 nm before (dotted dark blue line) and after (orange line) layer re-
lease. (b) Absorptance spectrum of a PMMA layer of thickness larger
than 4 𝜇m.
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Figure 5.15: (a) Normalised PL spectra for the emittingMie glasses un-
der consideration resulting from integrating spherical TiO2 particles
into luminescent nanophosphor-based films with diverse concentra-
tions. (b) Values of the PL enhancement, 𝛽𝑡𝑜𝑡 (green dots), and ab-
sorptance improvement at the pumping wavelength, 𝛽𝑝𝑢𝑚𝑝 (orange
dots). All the films were infiltrated with PMMA.
the sake of experimental ease. Figure 5.15(a) displays the PL spec-
tra for the different emitting Mie glasses in relation to the concentra-
tion of inclusions. Higher concentrations generally led to an average
more intense emission, notably appreciable at the emission line at 𝜆
= 617 nm. Maximum PLwas observed for a scattering centre volume
filling fraction f = 12%. 𝛽𝑡𝑜𝑡 is illustrated in Fig. 5.15(b), calculated
according to expression 5.1, along with the fraction of the emission
enhancement deriving from an improvement of the absorptance at
the pumping wavelength, 𝛽𝑝𝑢𝑚𝑝, when compared to a reference film.
The values of 𝛽𝑝𝑢𝑚𝑝 were calculated from the absorptance spectra de-
termined through measurements, Fig. 5.16. 𝛽𝑝𝑢𝑚𝑝 remained virtually
invariable with a value close to 1, regardless of the concentration of
scattering particles, since the thickness of the film, 4 𝜇m, had been
carefully chosen in order to ensure absorption of most of the incident
light at 𝜆𝑝𝑢𝑚𝑝. Therefore, any PL improvement had to necessarily be
attributed to a more efficient out-coupling of the light from the film,
𝛽𝑡𝑜𝑡 ≈ 𝛽𝑒𝑚, reducing the fraction of light remaining trapped inside.
Measurements of decay dynamics usually help to gain understand-
ing of underlying physical phenomena. As previously explained in
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Figure 5.16: Absorptance spectra for nanophosphor-based films infil-
trated with PMMA for a reference film (gray line) and films integrat-
ing spherical TiO2 inclusions with concentration f = 5% (red line), f
= 10% (orange line), f = 12% (blue line) and f = 15% (green line).
Sec. 5.2, the inclusion of crystalline TiO2 spheres in the low concen-
tration values herein consideredwas not expected to cause amodifica-
tion of the available LDOS of the material. Consequently, the lifetime
of the decay processes responsible for the PL of the nanophosphors
should not be altered by the integration of scattering centres. The de-
cay curves were obtained for the different films, Fig. 5.17(a), under
excitation at 𝜆 = 365 nm and monitored at 𝜆 = 617 nm. A double ex-
ponential model was considered for the fitting of the time-resolved
PL:
𝑃𝐿(𝑡) = 𝐼01𝑒
− 𝑡𝛤1 + 𝐼02𝑒
− 𝑡𝛤2 . (5.2)
Here, 𝛤1 and 𝛤2 refer to the short and long decay components, respec-
tively, and I01 and I02 correspond to the amplitudes of each term of the
fitting. The long decay component is commonly correlated with the
transitions of the Eu3+ cations in the bulk of the nanoparticle, while
the short component is associated with those of the cations closer to
the surface. The parameters resulting from fitting the decays enabled
the determination of the average lifetime of each decay, illustrated in
Fig. 5.17(b), through the expression
𝜏 =
∫ 𝑡𝑃𝐿(𝑡)𝑑𝑡
∫𝑃𝐿(𝑡)𝑑𝑡
= 𝐼01𝛤
2
1 + 𝐼02𝛤22
𝐼01𝛤1 + 𝐼02𝛤2
. (5.3)
183
5.Mie glasses for light emission applications
0 4
0.001
0.01
0.1
1
N
o
rm
. 
In
te
n
ti
s
y
Decay time / ms
(a)
8 12 0
0.7
0.9
1.2
A
v.
 l
if
e
ti
m
e
 /
 m
s
Filling fraction (%)
(b)
5 15
0.8
1.0
1.1
10
Figure 5.17: (a) Time-resolved PL decays for a reference nanophos-
phor film (gray decay) and nanophosphor films integrating scatter-
ing inclusions with a concentration of f = 5% (red decay), f = 10%
(orange decay), f = 12% (blue decay) and f = 15% (green decay) un-
der excitation at 𝜆= 365 nm. (b) Average lifetime dependence on the
filling fraction of the scattering centres in the films. All the films were
infiltrated with PMMA.
The fitting curves of the time-resolved PL decay curves calculated em-
ploying Eq. 5.2 are displayed in Fig. 5.18, alongwith their correspond-
ing residuals. The average lifetime hardly changed when scattering
centres were integrated in a 5% concentration with respect to a bare
nanophosphor film. This was a proof that, as expected, the inclusion
of scattering particles would not significantly affect the processes re-
sponsible for the photoluminescence of the phosphors. While a slight
decrease was visible for increasing concentrations, the average life-
time dramatically declined for f > 12%, in line with the previous ob-
servations regarding the PL spectra and the quantification of 𝛽𝑡𝑜𝑡, Fig.
5.15. This behaviour was attributed to the high sensitivity of the PL
performance of the nanophosphors to their environment and surface
conditions. In fact, the medium surrounding the phosphor nanocrys-
tals has been reported to seriously affect their emission properties27–29,
therefore altering their dynamic emission characteristics. The pictures
in Fig. 5.19 present a visual proof of such emission enhancement,which
was visible with the naked eye when comparing to a bare reference
nanophosphor layer. In effect, the presence of scattering inclusions
reduced the fraction of light trapped inside the film by total internal
reflection and escaping at the edges, visible in Fig. 5.19(b) when com-
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Figure 5.18: Time-resolved PL decays of the Eu3+ cations of the dif-
ferent nanophosphor films under excitation at 𝜆 = 365 nm and the
corresponding curves (bright green line) resulting fromfitting the de-
cays to a bi-exponential model according to Eq. 5.2, along with their
corresponding residuals. Data correspond to (a) a bare reference film
devoid of inclusions and films integrating spherical scattering centres
with concentration values of (b) f = 5%, (c) f = 10%, (d) f = 12% and
(e) f = 15%.
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Figure 5.19: Intense red luminescence of (a) a reference film and (b)
a film including scattering spheres in a 10% concentration under UV
irradiation. Both films were based on GdVO4:Bi3+,Eu3+ nanophos-
phors.
paring to the reference film shown in (a). As a consequence of amore
efficient out-coupling, larger 𝛽𝑡𝑜𝑡 was observed. A similar behaviour
was revealed when considering phosphors including Dy3+ as the RE
centre. Films based on phosphors including this RE cation displayed
a greenish emission, due to their emission lines at 𝜆 = 482 nm and
𝜆 = 570 nm, as illustrated in Fig.5.20(a). These spectra in combina-
tion with the picture in Fig.5.20(b) demonstrated analogous results
for these films to those consisting in Eu-based phosphors. In order
to test the suitability of the developed material for integration as a
Figure 5.20: (a) PL spectra of GdVO4:Bi3+,Dy3+ nanophosphors for a
reference film (gray line) and a film integrating scattering spheres in
a 10% concentration (orange line). (b) Intense greenish luminescence
of a reference film (left) and a film including scattering spheres in a
f = 10% concentration (right) under UV irradiation.
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conversion layer in LEDs, it was irradiated with UVA-LED light, Fig.
5.21. Both, rigid and flexible versions of a reference film, exhibited red
emission when shone with LED light at 𝜆= 380 nm, thus demonstrat-
ing their potential to operate as a conversion layer when integrated
into an emitting device.
The results herein presented proved the paradigmatic inclusion
of spherical TiO2 scattering centres in this work as a straightforward,
inexpensive and easy-to-implement approach for the fabrication of ef-
ficient colour-converting films. The PL improvement has been demon-
strated to originate from a more efficient extraction of the generated
light from the film, owing to a lower fraction of light trapped, which
is guided throughout the film by total internal reflection and escapes
the system at the edges. Whereas the approach has been proved ef-
fective for low inclusion concentrations, the high sensitivity of the
phosphor nanoparticles to the surrounding conditions demands spe-
cial attention when increasing such concentration. The generality of
the approach enables extension to phosphors including Dy3+ as the
RE cation. The flexible films herein analysed present the advantage of
being versatile enough to allow straightforward integration into LED
devices, thus reducing costs by avoiding the need for other sophisti-
cated integration routes. These results pave the way for the fabrica-
tion of versatile and more efficient solid-state illumination sources.
Figure 5.21: Red emission by a (a) rigid and (b) flexible
GdVO4:Bi3+,Eu3+-based film under LED irradiation at 𝜆 = 380
nm.
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5.4 Conclusions
The capability of optical disorder at enhancing the PL of emitting
films has been demonstrated in this chapter. In the first section, the
effect of integrating optical disorder into a mesoporous anatase film
sensitised with emitting molecules of an organic dye has been stud-
ied. A PL enhancement dependent on the pumping wavelength after
integrating spherical TiO2 particles has been demonstrated. Such en-
hancement was proved to be a consequence of a combination of an
increased absorption of light by the material at the pumping wave-
length and a more efficient out-coupling of the light according to the
𝓁𝑠𝑐 values. Control over such enhancement was offered through the
size and concentration of the spherical inclusions, which define 𝓁𝑠𝑐.
The second section has been devoted to optically random media
based on a transparent porous film consisting in GdVO4:Bi3+,Eu3+
nanophosphors, which presented intense red emission under UV ir-
radiation. In the first place, films of this material were fabricated and
their optical response characterised, demonstrating that 4-𝜇m thick
films could absorb most of the incident light at the pumping wave-
length, i.e. 𝜆 = 365 nm. Besides, they were successfully transferred
into a polymeric support, endowing themwith flexibility. Integration
of scattering centres produced a new optically randommediumwith
the added feature of light emission. An analysis of the PL enhance-
ment of this emitting material was performed in terms of the condi-
tions of the scattering centres included. An improvement of the PL
for increasing concentration of scattering centres of r = (225 ± 20)
nm was observed, displaying a PL maximum for f = 12%. This PL
enhancement was demonstrated to exclusively derive from a more
efficient process of light extraction from the film. High inclusion con-
centrations, f > 12%, were proved to have a detrimental effect on the
PL enhancement, which was attributed to the high sensitivity of the
phosphor surface to the environmental conditions, as dynamic emis-
sion measurements hinted. Visual proof of the beneficial effect of in-
tegrating scattering centres on the PL of the films was presented and
the versatility of the approach proved by applying it to other colour-
emitting phosphors, specifically, GdVO4:Bi3+,Dy3+, which displayed
analogous results.
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General conclusions
This thesis addresses the fabrication of optically random media with
the appropriate features to observe an enhancement of the optical ab-
sorption and emission of the light by either dye molecules adsorbed
to their structure or matrices comprising luminescent particles. An
analysis of light propagation in them is presented and their integra-
tion into optoelectronic devices assessed.
• The fabrication of optically disorderedmaterials based on trans-
parent matrices of either high or ultralow refractive index in
which the amount of disorder can be controlledwas addressed.
Solution-processing techniques, such as spin-coating, screen-
printing or dip-coating, as well as a technique based on chemi-
cal vapour deposition,were proved effective at preparing trans-
parent films of optical quality for the integration of optical dis-
order. The techniques enabled the transference of the materi-
als based on a high refractive index matrix into a polymeric
support for the development of a flexible version.
• An analysis of light propagation in the fabricated materials
de-
monstrated the possibility of describing light transport through
Mie formalism, thus allowing adesign of their scattering prop-
erties previous to fabrication.
• Sensitisation of the Mie glass based on a porous anatase ma-
trix, the material photoanodes for DSSCs are based on, with
an absorbing dye commonly employed in the field of DSSCs
as photoactive material demonstrated a controlled enhance-
ment of the absorption of light, directly related to the scatter-
ing strength of the material. As a consequence, the material
was integrated as photoanode into bifacial DSSCs, resulting
in devices with enhanced performance.
• Optical disorder was demonstrated to cause an improvement
of light emission of aMie glass based on a high refractive index
matrix sensitised with luminescent molecules of an organic
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dye as a consequence of a combination of improved light ab-
sorption at the pumping wavelength with enhanced light out-
coupling at the emission wavelength. Along the same lines, a
Mie glass based on a luminescent nanophosphor matrix exhib-
ited a controlled increase of the emission, which was proved
to exclusively originate from a more efficient extraction of the
generated light. These observations indicated the potential of
these randommaterials as efficient colour converters for light-
conversion applications, such as light down-shifting in LEDs.
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